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3Abstract
pyroclastic density currents (pdcs) are one of the greatest hazards to populations living near active 
volcanic centres, yet the granular physics which dominates their depositional behaviour is poorly 
understood.  A series of flume experiments are used to investigate the initiation, flow and deposition 
of polymict granular charges as an analogue for the dense granular basal current found in pdcs and 
other geophysicical flows.  A technique is developed to allow interrogation of flume deposits in three 
dimensions, and therefore to analyse the ability of flume experiments to recreate sorting and deposition 
geometries typical of geophysical systems beyond runout and crude thickness similarities.  polymict 
charges provide sorting analogues for typical pdc clast types (i.e. lithic and juvenile pumice), and are 
able to reproduce classic small-volume pdc (and debris flow) features, including levees, distal and 
surface concentrations of pumice analogues, and ventral proximal concentrations of lithic analogues. 
sequential charges and stratified substrates permit the investigation of reworking in granular systems, 
and scaling demonstrates relevance to a wide gamut of geophysical flows.  conduction of granular 
temperature from a flow to a static substrate encourages remobilisation.  Velocity contrast at the flow-
substrate interface encourages growth of what appear to be the first recorded Kelvin-Helmholtz (K-H) 
instabilities observed at the interface between a shearing grainflow and static substrate.  mathematical 
modelling indicates conditions within pdcs are favourable for K-H instability growth. This has 
ramifications for temperature proxy data, radiogenic dating by included phenocrysts or charcoals, 
calculation of eruptive volumes, and sedimentation rates.  partial growth of K-H instabilities appears 
to be a ubiquitous feature at deposit contacts, and geometry of these is similar to recumbent flame 
structures in field pdc deposits.  K-H growth is implicated as a syn-depositional method of recumbent 
flame formation, eliminating the need for post-depositional loading and shear deformation required 
by current explanations.
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CHAPTER 1:  INTRODUCTION 27
figure 1.1 magnitude – frequency plot for volcanic eruption records (last 300 years for 6M < , 
last 2 kyr for 6 8M≤ < , and 45 myr for 8M ≥ ). m9 is represented by a single eruption (fish 
canyon tuff).  modified from francis and oppenheimer, 2004.  29
figure 1.2 A spectrum of pdc profiles, representing members of an intergradational continuum, 
from fully dilute (A and B) to granular fluid based (c - g). modified from Branney and 
Kokelaar 2002. 34
CHAPTER 2: REVIEW 37
figure 2.1 surface flow on a granular pile (a) pile of grains at rest. (b)The same pile of grains 
after tilted above the angle of repose.  The flow is clearly only taking place in the surface region 
of the pile. (Jaeger, nagel, and Behringer, 1996) 41
figure 2.2 typical clustering in 2d inelastic collisions from goldhirsche and Zanetti (1993) 42
figure 2.3 grain-size ternary diagram for naming of volcaniclastic rocks, adapted from fisher 
(1961) to follow schmid (1981) in abandoning “lapillistone”). divisions at 25% ash vs lapilli, 
then 25% and 75% ash vs blocks and bombs. 44
figure 2.4 denlinger and iverson (2001) flume results 50
CHAPTER 3:  PROCEDURE AND VALIDATION 51
figure 3.1 traced profiles of a selection of stratovolcanoes placed against a reference chart 
comparing  30 and 35 degree upper slopes alongside 5 and 10 degree lower slopes.  many of the 
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profiles are traced from aerial photographs which will slightly underestimate slope angles.  lower 
slopes are not always captured, particularly in the case of island volcanoes which frequently 
demonstrate steepened shorelines due to erosion. 52
figure 3.2 29 degree slope set against a photographic image of the north west flank of 
ngauruhoe, taken from 39° 8’ s 175°36’e looking east. 53
figure 3.3 scaled drawings demonstrating cross sections through channels at increasing distance 
from vent of ngauruhoe 1975 pdc deposits.  Adapted from lube et al. (2007). 54
figure 3.4 A view from the upper scree slopes on the vent (taken from ca. 2050m altitude) 
showing the upper reaches of flow Vi and the domination of scree on the very upper slope.  The 
scree material is largely composed of the same material as that found within the flow.  A forking 
melt water channel can be seen bifurcating around the upper edge of the deposit. 55
figure 3.5 The uppermost recognisable deposition of flow 6.  clear levee and channel facies with 
occasional large blocks.  in the middle distance can be seen one flank of tongariro itself, defining 
the opposite side of the mangetepopo valley. 56
figure 3.6 The upper-mid section of flow 6 demonstrating a wide levee and channel facies at the 
point of bifurcation.  A central ridge develops and evolves into the dividing levees.  The channel 
within the levees at this point has little to no deposition. 56
figure 3.7 steeply eroded channel breach through a pre-existing lava flow.  no deposition 
occurred in this phase of flow. 58
figure 3.8 on escaping the confined lava channel the associated energy reduction resulted in a 
rapid transition to levee and channel morphology, with 1 m or more levee height. 59
figure 3.9 The tallest levee within flow Vi, demonstrating the fine grained material contrasting 
against the larger overlying and infilling blocks of material.  These blocks are comprised of scoria 
demonstrating a large range of vesiculation, as well as <5% reddened agglutinate presumably 
entrained in the flows upper transition. 60
figure 3.10 larger channels terminate in lobate deposits which are characteristically steep sided, 
with moderately well sorted blocky scoriaceous material making up the bulk of the surface. 61
figure 3.11 The distal phase of run out and deposition consists largely of anastomosing shallow 
levee and channels. 61
figure 3.12 large blocks of pumiceous material survived run out in the flow.  These blocks are 
surprisingly fragile and can shatter easily.  distal toe of flow.  shovel is 1m long. 62
figure 3.13 results from dry sieving 65
figure 3.14 mass plotted versus volume for each sub-sample within prng6-01, prng6-05 and 
prng6-06.  trend lines are added for calculated vesiculation percentages from a uniform source 
magma, assuming a vesicle mass of 0. 66
figure 3.15 electronmicrographs of a range of lA60 sand. The relatively good sorting is in 
contrast to the high variability in grain roundness seen in a), with rounded (b), angular (c) and 
subangular (d) examples of grains.  from Klinkmüller et al., (2008) 68
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figure 3.16 grainsize analysis of lA60 sand, generated from data in Klinkmüller et al., (2008) 69
figure 3.17 micrographs of the four principle bead types used in the experiments. a) 1 mm 
diameter silica, b) 250 micron diameter silica, c) 1 mm diameter ceramic, d) 250 micron 
diameter ceramic 70
figure 3.18 grainsize analysis of 1.0 mm diameter glass beads.  data provided by camsizer 
analysis carried out at sigmund lindner gmbH 71
figure 3.19 grainsize analysis of 250 micron diameter glass beads.  data provided by camsizer 
analysis carried out at sigmund lindner gmbH 72
figure 3.12 grainsize analysis of 1.0 mm diameter ceramic beads.  data provided by camsizer 
analysis carried out at sigmund lindner gmbH 73
figure 3.21 grainsize analysis of 250 micron diameter ceramic beads.  data provided by 
camsizer analysis carried out at sigmund lindner gmbH 74
figure 3.22 dimensionless scaling equivalency of the parameters ∏1 to ∏10, with debris flows 
represented by the red range bar, pdc by blue and the flume experiments in green 84
CHAPTER 4: INITIATION, FLOW AND DEPOSITION 87
figure 4.1 de-interlaced images from 25 frames-per-second footage showing initiation of flow 
following release of a static pile from behind a vertical lock gate. 88
figure 4.2 de-interlaced images from 25 frames-per-second footage showing the initiation of a 
500ml flow following release of a static pile from behind a vertical lock gate. 89
figure 4.3  comparison between two identical charges and their development from intiation.  
differences are interpreted as a result of both stress chain and random packing features outlined 
in chapter 1.4, and difference in frame synchronisation between the two experiments. 90
figure 4.4 selected de-interlaced images from 200 frames per second footage showing the 
initiation of a 500ml flow from a static colour-stratified pile from behind a vertical lock gate 91
figure 4.5 interpretation of shearing regions generated during intiation of flow from a static pile
 92
figure 4.6 selected de-interlaced images from 200 frames per second footage showing the 
initiation of a 500cm3 flow from a static colour-stratified pile from behind a vertical lock gate, 
running onto a course sandpaper base. 93
figure 4.7 a) apparently static pile after collapse of the main flow. b) a difference-comparison 
image of a) and a frame taken 0.2 seconds later.  dark areas indicate regions which have moved 
between these two frames, demonstrating the areas of the pile still actively flowing. This method 
will accurately represent flow from the static pile, but will underestimate flow in the uniformly 
grey flow on the slope. 94
figure 4.8 selected de-interlaced images from 200 frames per second footage showing the flow 
initiation of a stratified 500 cm3 charge released from a vertical drop chute, running onto a 
course sandpaper base. 95
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figure 4.9 interpretation of flow structure 0.52 seconds after release from a drop chute.  The 
white dashed lines  indicate inferred shear regions.   96
figure 4.10 section through a scoria cone (el palmar, tenerife) demonstrating steeply dipping 
failure surfaces within the pile.  96
figure 4.11 flow thickness at a) 150 mm down-flume of the release gate and b) 350 mm down-
flume of the release gate (immediately before the break in slope). correlation lines between the 
charts relate the passage of the flow front and the rear of the flow, demonstrating that little or 
no lengthening of the flow occurred between these points.  irregularities in the flow thickness 
produced early in the flow are greatly smoothed out by the time the flow reaches the runout 
surface. 97
figure 4.12 500 cm3 flow propagating across the break in slope 98
figure 4.13 de-interlaced images from 25 frames-per-second footage showing deposition of a 
flow following release of a static pile from behind a vertical lock gate. 99
figure 4.14 graph plotting calculated flow front velocities between de-interlaced frames shot 
at 50 fps of deposition onto a flat horizontal runout surface.  dotted line indicates inferred 
velocities from in-shot deposit motion when the flow front moves out of frame.  100
4.15 image sequence from 25 frames-per-second footage showing deposit of a colour stratified 
charge onto a horizontal surface. charge is released from a static pile behind a vertical lock gate.
 102
figure 4.16 deposit of a colour stratified charge onto a horizontal runout after release from a 
static pile behind a vertical lock gate.  dashed lines mark inferred shear zones active at various 
stages during deposition after the flow front decelerated. 103
figure 4.17 image sequence from 25fps footage showing deposit of a 500 ml charge onto a 
course sandpaper horizontal runout.  charge is released from a static pile behind a vertical lock 
gate. 104
CHAPTER 5: DEPOSIT STRUCTURE AND SORTING EFFECTS 108
figure 5.1 experimental deposit formed by a three-phase granular mixture released from a static 
pile.  The charge was well mixed in the hopper, so all particle sorting is a result of interaction 
during flow and deposition. inset, detail of crude sectioning showing the centreline internal 
composition 109
figure 5.2 statistical plots demonstrating range of deposit thicknesses in 15 repeats of a single 
experiment (500 cm3 monomict charge of 250 micron diameter beads from vertical release lock-
gate) in flume B. 110
figure 5.3 top-down view of a deposit formed by a 500 cm3 monomict charge in flume B.  grid 
lines are drawn at 35 mm intervals across the flume width and 50 mm intervals along its length.  
Break in slope is centre-frame. 111
figure 5.4 3d surface plot of a single experimental charge (500 cm3, lock gate release, monomict 
250 micron beads) in flume B. 112
figure 5.5  deposit profiles of 30 flume experiments in flume B, using bead charges of volumes 
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100, 200, 300, 400 and 500 cm3.  sections are measured down the deposit centreline at 25mm 
intervals. 113
figure 5.6 plan view comparison of two identical 500 cm3 polymict charges in flume B 114
figure 5.7 sections of the deposit edge from figure 5b, a) at the deposit edge, b) at the deposit 
centre. 115
figure 5.8 plan view and central section of a 500 cm3 polymict charge (identical to that in figure 
5.6 and 5.7) run into flume c , large particles in orange. 115
figure 5.9 edge to edge sequence of serial slices through a 500 cm3  charge containing 100 cm3 
of white ceramic beads, and 400 cm3 of bue silica beads run into flume c. flow left to right. 
High concentrations of ceramic particles (white) are concentrated at the base of flow units, with 
the rear-dipping concentrations inferred to be related to individual ‘thrust’ fronts as the deposit 
built up (see chapter 4.4). 116
figure 5.10 single frame from 50fps video footage of a 500 cm3 mixed polymict charge (200 
cm3 yellow vermiculite, 300 cm3  green sand) 0.72 seconds after initiation from a drop-chute 
onto a rough basal surface (see figure 4.8).  rapid particle sorting is observed as the pile initiates 
to flow on the slope.  once the material has traversed 30 mm beyond the initial collapse pile 
front (e.g. figure 4.8l) it is fully segregated and behaving as a two layer flow. 117
figure 5.11 distal lobe front of a ngauruhoe 1975 flow.  Highly clastogenic surface, represented 
by sample prng6-01, while underlying material is typical of prng6-02 (see chapter 3.2.2). 
 118
figure 5.12 3d volume visualisation constructed from 2d slice thicknesses of a 500 cm3 charge.  
long ‘tails’ of deposit are left in the corners of the flume, with a short deposit length in the 
centre. 119
CHAPTER 6: REWORKING BY SHEARING GRANULAR FLOW 122
figure 6.1 edge to edge sequence of serial slices taken at 15 mm intervals across a deposit from 
flume B showing the deposit formed by two identical polymict charges each comprising 300 cm3 
small (blue = first charge, red = second charge) and 100 cm3 large (black) silica beads, and 100 
cm3 small (white) ceramic beads. flow from left to right. 123
figure 6.3 illustration of possible mechanisms for the formation of the reworked structures (A) 
loading and shearing of the underlying substrate, and (B) rotational turnover (i.e. vortex-like).
 124
figure 6.2 detail of reworking in a slice from the centre of the deposit in figure 6.1 124
figure 6.4 surface plot of deposit thickness from a single polymict charge (300ml small silica, 
200ml large silica beads). 125
figure 6.5 deposit thickness of a single polymict charge (300 cm3 small silica, 200 cm3 large 
silica beads) after reworking by an identical charge (not shown); i.e. representing the thickness of 
the blue charge in figure 6.1. 126
figure 6.7 detail of various inverted stratigraphic structures at the distal end of the deposit 
shown in figure 6.6B. The left inversion shows green charge 3 material underneath red charge 
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2 material. The right inversion shows red charge 2 (and a hint of some green charge 3) material 
underneath blue charge 1 material.  126
figure 6.6 edge to edge sequence of serial slices through a composite deposit formed by three 
sequential polymict charges (blue, then red, then green). flow from left to right. note the 
sharpness of contacts between successive charges and the overturning of charge deposits at the 
margins and at proximal locations. 127
figure 6.8 deposit thickness of charge 1 (blue) seen in figure 6.6. 128
figure 6.9 cumulative thickness of charges 1(blue) and 2(red) seen in figure 6.6 129
figure 6.10 cumulative thicknesses of charges 1(blue), 2 (red) and 3 (green) seen in figure 6.6.
 129
figure 6.11 deposit before the final charge is run into the flume. first charge in blue, second in 
red. (A) looking up-flume, (B) is a plan view. 129
figure 6.12 sequence of 10 mm slices through a deposit formed by two monomict 500 cm3 
charges of 250 micron diameter beads (blue, then red) into flume c. note the occurrence of 
reworking in a similar location to that observed in flume B, but with an apparently rotational 
component.  detail of reworking is strongly heterogeneous across the flume. 131
figure 6.13 reproducibility of flow features from figure 6.10 and an identical experiment using 
the same colouration and charge compositions. 10 mm between sequential slices.  note the 
broad similarities in the architecture of the two flows (i.e., proximal slope, run-out) and the same 
edge to centre variation across the composite flows. The greatest heterogeneity in reworking is 
observable within 20 mm of each flume edge in both cases. 132
figure 6.14 five key morphologies developed at charge contacts. (a) no reworking, (b) sheared 
stacks, (c) open vortex,  (d) oversteepened and overturned, and  (e) oversteepened and rotational 
reworking  133
figure 6.15 shaded illustration of typical geometry formed by the first charge into flume c, and 
the diversion paths (in red) likely to be followed by any subsequent charge. 134
figure 6.16 sequence of slices made at 10 mm intervals through monomict deposit of 250 µm 
glass beads (red) layed onto a stratigraphy of layered 250 µm glass beads (white, blue, black) 
to reveal the internal detail of the overturn structures. stratigraphy demonstrates the rotational 
nature of the features, which appear to have propagated forwards during growth, entraining 
material from the charge within the vortex. 135
figure 6.17 interpretation of a single overturn structure in a stratified substrate. green arrows 
mark the ‘correct’ way up for local sections (i.e. arrows pointing down indicate inverted 
stratigraphy), red dashed line marks the approximate central zone of the turnover, and the yellow 
dashed line marks an inferred shear zone. 136
figure 6.18 growth of a sinusoidal vortex sheet, after Batchelor 1967.  At any point where 
z≠0 then the local velocity has an x component of x≠0 .  The clockwise velocities develop and 
amplify the sinusoidal displacement. 137
figure 6.19 View from the flume slope onto the runout surface prior to the charge being run.  
Three stratified ridges are built upon a continuous white base layer. 137
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figure 6.20 edge to centreline sections taken at 10 mm intervals, showing the results of a 500 
cm3 charge (red) of 250 µm glass beads run onto a stratified sequence of ridges built of identical 
glass beads. 138
figure 6.21 interpretation of a single slice, showing a 500 cm3 monomict bead charge (red) 
running over a series of stratified ridges (green / blue / white). yellow dashed lines indicate 
inferred secondary shear zones through the reworking instability feature. Black dashed lines 
indicate geometric similarity between instability morphologies possibly related to flow pulse 
thicknesses. 139
figure 6.22 sequence of 10 mm slices through a deposit formed by three monomict charges of 
250 micron diameter beads (400 cm3 blue, then 600 cm3 red, and finally 800 cm3 green) into 
flume c. rotational reworking is observed at both interfaces.  sections within 30 mm of the 
flume wall demonstrate  interesting cross-flume reworking, as well as well developed secondary 
(and tertiary) down-slope instabilities. 141
figure 6.23 detail of an edge section from figure 6.18. Arrow indicates a long low angle shear 
feature. 142
figure 6.24 detail from slices 10 mm and 20 mm from the flume edge seen in the experiment 
represented by figure 6.18. 142
figure 6.25 10 mm spaced sections representing slice from 40 mm-10 mm from the opposite 
flume edge of the experiment represented in figure 6.20. 142
figure 6.26 suggested flow paths for flow material at the edge of the flume.  first deflected 
towards the centre of the flume by the ‘tails’ of substrate material at the flume edges, 
subsequently deflected back towards the edges by the main substrate topographic high. 143
figure 6.27 detail of sequences of K-H-like growth features along both contacts, from the 
experiments shown in figure 6.18. 144
figure 6.28 serial sections at 10mm spacing from edge to centre of a 500 cm3 charge, composed 
of 300 cm3 of 250 micron silica beads (red), and 200 cm3 of 250 micron ceramic beads (white) 
run onto a stratified charge of 250 micron silica beads (blue and white).  ceramic beads within 
the charge highlight flow pulse bases. 145
figure 6.29 shear profiles of (A) plug flow above a static substrate, and (B) plug flow with 
remobilised substrate. 145
CHAPTER 7: PDC STRUCTURAL RELATIONSHIPS - FLUME vs FIELD 148
figure 7.1 diagram of inferred depositional process and final structure in flumes A and B, 
showing the presumed velocity profile through the approaching flow and the sequence of 
aggradation. 149
figure 7.2 cross sections from some scaled experiments from shea and van Wyck de Vries, 2008. 
(A) types of cross section with base-parallel cross section on left. note that the lithological 
repetitions follow thrust-fault orientation, producing a hummocky surface. (B) transverse and 
(c) longitudinal cross sections with preserved layering affected by various structures. 149
figure 7.3 typical debris avalanche morphology, mechanics and deposits. A - plan view showing 
the geometry of a debris avalanche from the failed surface to the frontal lobes (distorted scale). 
16
B – cross-section showing internal structure, main deposits of a debris avalanche and possible 
sorting mechanisms. (Bridge and demicco 2008). 150
figure 7.4 diagram of the inferred depositional process and final structure in flume c, showing 
the presumed velocity profile through the approaching flow and the sequence of aggradation, 
based on deposit stratigraphy and observation of deposition. 151
figure 7.5 lateral levees linked to a channel incised through a snow substrate, champoleon 
valley, massif des ecrins, france.  Walking pole for scale, snowballs on the left average 15cm 
diameter.  from Jomelli and Bertran (2001). 152
figure 7.6 terminal pumice dam on a small volume pdc from an eruption on ngauruhoe in 
1975. 153
figure 7.7 idealised section through a depositing pdc, after Branney and Kokelaar 2002.  
nature of boundary zones may be sharp or diffuse 154
figure 7.8 Visualisation of the assumed model in subsequent calculations. v is velocity, ρ is bulk 
density, z and λ are amplitude and wavelength of the instability respectively. After Kundu and 
cohen (2004). 157
figure 7.9 graph demonstrating minimum velocity necessary for K-H-like instability growth at 
various example particle concentration contrasts across the shear contact.  The area above each 
line represents the region in which K-H-like instabilities are able to grow.  The yellow region 
indicates the velocity field represented by the laboratory flume experiments, and the orange 
region indicates the approximate velocity field occupied by natural pdcs.  particle concentration 
contrast in dense granular fluids flowing over a static loose packed substrate is in the order of 1.
 161
figure 7.10 schematic of shear velocity profiles across a contact between two layers. A) the 
profile assumed in this numerical modelling b) typical velocity profile of a shearing layer over 
a static bed, c) inferred profile for a remobilisation and entrainment of substrate within the 
shearing zone. 162
figure 7.11 digital elevation model constructed from the shuttle radar topography mission 
(srtm) Version 2, based on 1 arc-second resolution data (see farr et al. 2007 for mission 
data and processing information).  pico del teide - 3718m above mean sea level (Amsl) - can 
be clearly seen sitting within the broad las canadas caldera, visible as a prominent curving 
ridge to the south (locally exceeding 2600m Amsl). region highlighted in yellows marks the 
approximate extent of the canadas series volcanic rocks in the south of the island (Bandas del 
sur formation, outline derived from gill et al. 1994). 165
figure 7.12 fines-rich ignimbrite (red/brown) above a broken ash fall layer and pumice-rich 
ignimbrite. flow direction interpreted as approximately towards the reader. Arrows indicate 
material lifted from the lower fall layer into the upper flow layer, through erosion of the ash fall 
layer.  location: 28°10’14.24”n 16°29’26.85”W, looking West. 166
figure 7.13 contact between a pumice fall layer and overpassing fines-rich ignimbrite.  pumice 
clasts are being remobilised from the fall layer into the flow. location: 28°10’14n, 16°29’26”W.
 167
figure 7.14 An oblique view of the base of the poris ignimbrite, with a dashed line highlighting 
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the geometry of a shearing feature. 167
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DEFINITIONS
architecture - The overall structure of a deposit, including it surface topography, distribution, and 
internal structure.
ash - fine grained pyroclasts with diameters under 2 mm.  Analogous to colloid through medium sand 
sizes using the Wentworth sedimentary grainsize classification.
block - large pyroclasts, over 64 mm in diameter.  Analagous to cobble and boulder sizes using the 
Wentworth sedimentary grainsize classification.
block and Ash flow - A pyroclastic flow consisting of poorly vesiculated blocks, lapilli and ash of similar 
composition, which typically forms as a consequence of a collapsing lava dome.  Their deposits are 
usually small volume.
de-interlace - A processing technique carried out on video footage.  Video frames are composed of odd 
and even lines, with the odd lines containing data from the ‘current’ tiemstamp, and the even lines 
containing data from the next time stamp.  deinterlacing separates these two images and recombines 
the correct data with the correct frame.  An interpolation algorithm is used to fill any missing data.
debris flow - a geophysical flow of saturated unconsolidated material
debris avalanche - a geophysical flow of unsaturated dry blocks
fluidisation - in this work, fluidisation is used in the specific sense to describe the conversion of a 
granular material into a fluid-like state by injection of fluid (e.g. exolution from juvenile clasts), or by 
vibration (leading to dilation). 
granular flow - any flow predominantly composed of non-cohesive particles.
granular temperature - shear-induced random vibrations in a granular medium, and its resultant 
dilation.
ignimbrite - the deposit of a pyroclastic density current rich in pumice lapilli and pumiceous ash.
Kelvin-Helmholtz instability - An instability which occurs with velocity shear in a continuous fluid, or 
with sufficient velocity difference across an interface of two fluids.
lapilli - pyroclastic particles between 2 - 64 mm diameter.  Analogous to course sand through pebble 
sizes using the Wentworth sedimentary grainsize classification.
monodisperse - a mixture containing a single particle population.
polydisperse - a mixture containing several discrete particle populations.
pyroclast - juvenile fragment produced by volcanic activity.
pyroclastic density current (PDC) - a “ground hugging current of pyroclasts and gas (including air) that 
moves because it is denser than the surrounding atmosphere (or water): i.e. an underflow.” (Branney 
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and Kokelaar, 2002).
static stability - the condition under which the denser layer sits below the less dense layer, making the 
contact gravitationally stable to instability growth.
steady - time invariant.
underflow - any gravity current, i.e. where the dense regions occupy a position below more buoyant 
regions.
unsteady - time variant.
waning - decrease of a flow parameter through time with respect to a single spatial point.
waxing - increase of a flow parameter through time with respect to a single spatial point.
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CHAPTER 1:  INTRODUCTION
1.1  Aims
The aim of this work is to develop a series of analogue experiments which replicate the granular 
depositional system found at the base of some pyroclastic density currents (herein abbreviated to 
pdcs).  A variety of flume experiments and techniques will be used and developed in order to 
investigate the effects of sorting, reworking and deposition on the architecture of deposit and substrate 
systems.
1.2 Classification of volcanic activity
in order to discuss the formation of pdcs it is important to first understand both what a pdc is, and 
the nature of the volcanic eruptions which create them.  
The term ‘pyroclastic density current’ is used to describe “a ground hugging current of pyroclasts 
and gas (including air) that moves because it is denser than the surrounding atmosphere (or water): 
i.e. an underflow.” (Branney and Kokelaar, 2002).  As this definition shows, pdcs comprise a wide-
ranging gamut of flow types, represented in the field by an equally diverse range of resultant deposit 
lithologies.
pdcs are produced by a range of volcanic vent processes, (e.g. Williams 1957; druitt, 1998; 
Branney and Kokelaar, 2002).  The following section introduces the basic terminology, and the 
volcanological processes involved in the generation of pdcs. There are three classification schemes 
which are relevant to the basic understanding of pdc-forming magmatic eruptions; one considers the 
physical characteristics of the eruption style, the second considers magnitude, and the third considers 
intensity. 
1.2.1 Eruption Style 
eruptions may broadly be described by their effusivity; that is, the continuum between effusive activity 
(dominated by the eruption of fluid products, resulting in the generation of lavas) and explosive 
activity, where high volatile contents in the source magma cause fracturing  (ductile or not) of the 
magma as it exsolves gas and erupts, causing the formation of pyroclasts, which subsequently fall or 
flow (forming pdcs) to generate pyroclastic deposits.  The style of eruption is classified according to 
comparison to several type volcanoes, and can be briefly summarised as follows:
Hawaiian – generally effusive, with lava emission from fissures or vents.  lava fountains may be 
generated, with ejected lava reaching altitudes of up to several hundred meters.
strombolian – small pulses of lava bursting in a summit crater, commonly generating incandescent 
cinder, lapilli and bombs.  no sustained eruptive columns are generated, but material may reacha s 
far as several kilometers in altitude (although more ypically hundreds of meters).  discrete but regular 
eruptions, recurring in second to minute timescales.
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Vulcanian – short lived explosive activity, with irregular intervals (quiescense may range from days to 
millenia), often associated with viscous magmas.
pelean – often slow effusion of lava domes, interspersed with vulcanian-type eruptive episodes. 
cycles between volcanic episodes may be in the order of years to centuries.  small volume pdcs 
are commonly generated from collapsing lava domes (typified by the classic ‘nuee Ardentes’ style of 
flow).
plinian – eruption of viscous magma, ejecting pyroclasts to altitudes of tens of kilometers. eruptions 
may last in the order of hours to days, with states of quiescence lasting in the order of hours to 
centuries (or greater).  eruption volumes range from 0.1 km3 up to >1000 km3, with the largest 
intensity eruptions (see section 1.2.3) often being described as  ultra-plinian.  Widespread (1000’s 
km2) dispersal of tephra and pdc deposits is typical.
1.2.2 Eruption Magnitude
rather than considering the eruptive style, it is often more informative to simply deal with the 
magnitude of an eruption – that is, the mass or volume of the released material.  due to vesiculation 
of juvenile particles volume can be a problematic value to calculate, making mass preferable in many 
ways.  However, as magmas vary in density this is itself a flawed system.  There are, as a result several 
systems in use.  As an example, the system used by pyle (2000) considers the mass (m, in kg) of 
material ejected and calculates a magnitude (m) according to
using this, to give an example, the mt st. Helens eruption in 1981 would register as M=4.9.  it is 
informative to investigate magnitude of eruptions plotted against their frequency (figure 1.1).
1.2.3 Eruption Intensity
eruption intensity assesses the rate of mass eruption from a volcano (kg s-1).  in this way we can 
compare the behavious of volcanoes with similar total volume, but varying flux.  two volcanic events 
producing 1,000,000 kg of material will be markedly different if the intensity of these eruptions 
is different - that volume produced in minutes requires much larger ejection rates than that same 
volume ejected in days or weeks.
1.2.4 Volcanic Explosivity Index
eruption magnitude and intensity may usefully be considered alongside each other, as done with 
the Volcanic explosivity index (newhall and self, 1982).  This classification scheme was drawn up 
to act as a semi-quanititative method of assessing volcanic activity in the geological record.  Vei 
0 represents small volume (<1 x104 m3) and/or effusive eruptions, while Vei 8 represents colossal 
eruptions (>1x1012 m3), such as the fish canyon eruption of the la garita  caldera, 27.8ma.
10log 7M m= - . [1.1]
29
1.3  Classification of PDCs
pdcs occur in a wide range of scales and situations, The smallest (in the order of thousands of cubic 
meters) tend to occur as block and ash (BAf) flows, derived from spalling off or collapse of lava domes, 
or as small single pulses derived from strombolian or Vulcanian eruptions, with flow lifetimes in the 
order of seconds to minutes.  frequently with runouts in the order of hundreds of meters, the deposits 
are often channelised, demonstrating features such as lateral levees of coarse particles, terminal pumice 
or scoria dams, and lobes of material forming at the distal extent (e.g. merapi pdc deposits).  pdcs 
can commonly reach millions of cubic meters, with thicknesses ranging from centimeters to tens of 
meters.  These flows exist for lifetimes of minutes to hours. The very largest  pdcs, derived from 
caldera-forming eruptions (e.g. the Bishop tuff, california) may be thousands of cubic kilometers in 
volume, with extents covering thousands of square kilometers, and thicknesses reaching hundreds of 
meters.   The pdc forming event in these cases may last days. 
1.3.1  Formation
pdcs form almost exclusively from high intensity magmatic events, or eruption into water or water-
laden sediment (phreatomagmatism), with a smaller number generated from low intensity dome 
growth and subsequent collapse.  There are a wide range of pdc deposits (e.g. (sparks r. s., 1976; 
fisher, 1986; Branney and Kokelaar, 1992), and the wide range of explosive eruption mechanisms 
allows categories of eruptive event to be drawn up.  tables 1.1 and 1.2 summarise two alternative 
classification schemes which relate pdc formation to eruptive styles.
comparison of these two classifications is an interesting exercise, and demonstrates why several 
different classifications are prevalent within the literature.  The Branney and Kokelaar (2002) scheme is 
Figure 1.1 magnitude – frequency plot for volcanic eruption records (last 300 years for 6M < , last 2 kyr for 
6 8M≤ < , and 45 myr for 8M ≥ ). m9 is represented by a single eruption (fish canyon tuff).  modified from 
francis and oppenheimer, 2004. 
1   2      3          4           5      6         7            8     9
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based entirely on the nature of the eruption leading to the associated pdc.  Because this classification 
is largely based on the continuity of the eruption it is easy to use in the classification of observed 
volcanic activity.
in contrast, the Williams (1957) scheme is based on observations of specific volcanoes and their 
deposits.  The classifications are concerned as much with lithology as with eruptive style.  This is 
particularly useful when looking at older eruptions, as it allows analysis of pdc deposits to provide 
direct analogues to modern day examples.  The problem with this scheme is that it is based on a relatively 
small number of volcanic examples, when volcanoes are in reality a continuum.  it is inevitable that 
many volcanic eruptions (and hence deposits) do not neatly fit into any single category.  
A volcanic succession in the field may comprise units derived from any or all of these processes, 
depending on the specific volcano in question.  due to the relative simplicity of the analogue modelling 
performed, the Branney and Kokelaar (2002) scheme will be used throughout this work, with specific 
examples referring to the Williams  (1957) scheme where appropriate.
1.3.2  Recording of flow
pyroclastic flows are not only a very hostile environment for measuring equipment, but are also 
unpredictable.  An eruption may widen or distort the vent, which in turn may effect the rate of 
eruption, angle and direction of ejection, or the height of the column (e.g. ogden and Wohletz, 
2009).  As a result the likely path of any subsequent fountain-derived pdc will vary (ross and 
White, 2006).  for this reason, until a reliable method for sampling flows in motion is developed, the 
research into pdc flow will rely on a great number of assumptions and simplifications largely based 
on observations of flow, and analysis of subsequent deposits.  
The initiation of these phenomena is largely unpredictable, so most of what is known about them 
is derived from eye witness accounts (e.g. nairn and self, 1978) and the study of resulting deposits 
tABle 1.1 pdc clAssificAtion After BrAnney And KoKelAAr (2002).  
Type Description
A Short single-surge current, derived by momentary collapse from a Plinian eruption column *
B Sustained current derived from prolonged pyroclastic fountaining.  The height of the jet (gas thrust) that feeds the current may vary and is 
transitional into C *
C A sustained current derived from a prolonged low pyroclastic fountain (boil over) during an explosive eruption.  This lacks the kinetic 
energy derived from the potential energy of a high fountain.  It may be accompanied by a buoyant eruption column that does not feed the 
current.*
D Current with a single (or multiple) surge derived from lateral blasts initiated by catastrophic decompression of a magmatic and/or 
hydrothermal system.  Known examples were sustained for only short durations and did not produce large volume ignimbrites. 
E Single-surge current derived from a collapsing lava dome or flow front.  Hot rock avalanches generate turbulent density currents. Block 
and ash flows tend to develop overriding low-concentration dispersions by rapid generation and segregation of relatively fine pyroclasts 
from underlying relatively high-concentration debris falls and granular flows.  Most pyroclastic density currents produced in this way 
generate small volume block-and-ash flow deposits, and detached surge deposits  
F Deposit derived pyroclastic density current caused by gravitational collapse and avalanching of unstable loose ignimbrite, sometimes long 
after the eruption has ended.  The current may be a single-surge or more sustained where the collapse is retrogressive.  lithofacies and 
granulometry of the ignimbrites formed by the deposit-derived currents are similar to those of
the parent ignimbrite, which suggests similar mechanisms of transport and deposition.
* Resulting deposits are described in detail throughout Branney and Kokelaar (2002).
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tABle 1.2 pyroclAstic floW And eruption clAssificAtion After WilliAms 
(1957) 
Category Sub-classification Description
Flows related to domes or 
crumbling lava flows
Merapi type Flow forms by non-explosive disintegration and gravity-collapse of lava 
domes and spines, or by the break-up of lava flows on steep slopes.  Not 
buoyed up by exsolved gases.  Result in chaotic unsorted, unstratified 
deposits.  Very little pumice, generally small runout
Peléean type Formed by explosive eruptions immediately before or during dome 
emplacement (occasionally by low angle blast, e.g. Mt St. Helens).  Ejecta 
vary from almost wholly lithic to almost wholly pumicious.  Largest, most 
gas-rich and most destructive flows occur early in dome emplacement, 
composed of effervescing magma providing large amounts of ash.  Later 
flows from a more stable dome are generally more blocky.  Deposits 
vary greatly, often confined to topographic depressions.  Heterogeneous, 
unsorted, unstratified. Often contacting sub-angular dome carapace 
sections, effervescing bombs from the plastic interior, and sand to 
dust particulate debris.  Porosity high (particularly if early in dome 
emplacement).  Accidental lithic fragments are rare.  Not welded, but 
maybe indurated by compaction.
Flows from summit craters St. Vincent type Flows produced by gravitational collapse of ejecta at the margins of 
vertical eruption columns.  The column is initially formed by a dense 
lower part accelerated by decompression.  Subsequently, a hotter lighter 
fraction rises up through the denser atmosphere.  Once mixing with the 
atmosphere and fall-out ejecta no longer reduce the effective density of 
the column below that of the surrounding atmosphere collapse occurs.  
The material reaches the ground as a glowing avalanche (nuée ardentes). 
These are highly mobile flows, leading to unstratified (or poorly stratified), 
poorly sorted, and unwelded deposits.  Bombs and blocks make up 3-5% 
total volume.  Little lapilli, 90% sand size.  Crystals make up 45% of most 
bombs, but up to 73% of ash
Krakatoan type Pumiceous flows discharged by large upwelling from vents on composite 
cones; eruption commonly resulting in caldera formation.  Pumiceous 
flows preceded by pumice falls as the gas pressure falls, and usually 
involving magmas more fluid than seen in Peléean, St. Vincent or Asama 
types.  Hence, much more pumiceous material and less lithic debris.  
Pumice flows are poorly sorted, with irregular stratification.  Course 
fragments are located towards the top of the flow.  Pumice flows often 
demonstrate sub-parallel ridges at their edges caused by differential flow 
rates, and the flows thicken towards their terminus.
Asama type Flow formation intermediate between those of Peléean type and those 
of St. Vincent and Krakatoan types.  Initial discharge of gas-rich magma 
produces a pumice fall followed by pyroclastic flows of diminishing gas 
content.  The flows are issued from the summit crater as the magma 
foams over the rim and sweeps downslope.  Vesicularity decreases 
during eruption.  The earliest flows are plastic enough to anneal, often 
compact and crudely jointed.  No flattening.  Later pyroclastic flow is from 
more viscous magma, and spread less widely than the earlier flows, often 
confined to narrow channels.  The deposits consist of dense or slightly 
vesicular blocks and bombs with little juvenile ash.  Some blocks up to 
30m across.  No later flows are welded or indurated by compaction.
Flows discharged from fissures Valley of Ten Thousand Smokes 
type
Eruptions from one or more short linear fissures.  Flows are 
predominantly sand and dust sized mingled with lapilli.  Almost 
completely unstratified deposits, rare bombs and lithics, completely 
unsorted.  Lenses of fluviatile pumice separate some flows laid down by 
rivers.  Weakly indurated, but some are highly welded and show columnar 
jointing.  Not characterized by distortion of glass shards or flattening of 
pumice
Valles type
Eruptions of silicious pumice from accurate fissures formed by regional 
arching of the roofs of large bodies of rising magma.  Ejecta volumes so 
great that calderas form along the accurate fissures as they collapse.  
Voluminous flows.  Relatively small volumes of air-fall pumice followed by 
much larger volumes of commonly welded ignimbrite.
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(e.g. nakada et al., 1999; saucedo et al., 
2004; sparks et al. 2002, Wilson and 
Walker, 1982).  The eyewitness accounts 
are descriptive only of the outer regions 
of these flows because the lower regions 
are hidden by over-riding turbulent ash 
clouds.  Whilst attempts have been made 
to record temperature of flows as they 
pass instruments (cole, et al., 2002), 
getting any real idea of what is going on 
inside a flow is a challenge, both due to 
the unpredictability of flow intiation (and 
therefore sensor placement), but also the 
highly destructive nature of pdc being 
impractical for the placement of delicate 
instrumentation.  
1.3.3  Lithological descriptions
The preferred method in this work for 
describing pdc deposits is to use the 
non-genetic lithofacies descriptions 
presented by Branney and Kokelaar 
(2002) – summarised in table 1.3. 
This ensures deposit descriptions are 
based on stratigraphy rather than any 
implied process, and allows more 
direct comparisons to be made between 
laboratory deposits and field lithologies.
1.3.4  Depositional models
The interpretation of pdc deposits has 
not been straightforward and several 
models have evolved over time to explain 
the deposit architectures seen in the field. 
The majority of work has been focused on 
the formation of ignimbrites – defined by 
Branney and Kokelaar (2002, p 125) as 
“the deposit of a pdc rich in pumice and 
pumiceous ash shards”.  two key models 
for their formation have developed over 
the last 40 years; en masse deposition 
and progressive aggradation. 
tABle 1.3 non-genetic litHofAcies 
ABBreViAtions from BrAnney And 
KoKelAAr (2002)
Symbol Lithofacies
T tuff/ash
LT lapilli-tuff/lapilli-ash
L lapilli
Br breccia
Ag agglomerate
Co cobbles (i.e. rounded blocks)
m massive
(n)
 normal-graded
(nl)
 normal-graded lithics
(i)
 inverse-graded
(ip)
 inverse-graded pumices
(n) (i)
 normal-to-inverse graded
s stratified (e.g. tractional)
xs cross-stratified (e.g. tractional)
//s parallel-stratified (laminated)
//b parallel-bedded (thin beds)
p pumice-rich
l lithic-rich
sc scoria-rich
o obsidian-rich
cr crystal-rich
fpoor fines-poor
frich fines-rich
f directional grain fabric
i isotropic; no directional grain fabric - may have a compaction fabric.
acc accretionary lapilli-bearing
ves vesicular
lens lens(es)
e eutaxitic
vap vapour-phase altered (e.g. sillar)
lava-like lava-like
v vitrophyre (welded and glassy)
rheo rheomorphic (e.g. with elongation lineations and folds)
Examples
mLT massive lapilli-tuff (or lapilli-ash)
mLT(nl, ip) massive lapilli-tuff/ash with normal-graded lithics and inverse-graded pumices
mLTf massive lapilli-tuff with directional grain fabric
sLT stratified lapilli- tuff/lapilli-ash
dsLT diffuse-stratified lapilli-tuff/lapilli-ash
bLT thin-bedded lapilli-tuff/ash (beds centimetres-thick)
sT stratified tuff/ash
//sT parallel-stratified tuff/ash
xsT cross-stratified tuff/ash
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1.3.4.1  En masse plug flow
The standard ignimbrite flow unit is a concept which describes ignimbrite formation as an en masse 
deposit (e.g. sparks et al. 1973; sparks 1976; sheridan 1979; Wright and Walker 1981; freundt and 
schminke 1986).  The massive lithologies commonly associated with ignimbrites are envisaged as 
the ‘frozen’ deflated body of a flow which is only semi-fluidised during motion, and with inflation 
unlikely to exceed 25% (faqih et al., 2006).  Any vertical stratigraphy in a deposit is interpreted 
as representative of structure within the flow at the time of deflation and sedimentation.  several 
other authors developed the complexity of the standard ignimbrite flow unit to take into account 
features such as fines depletion (Walker et al. 1980), veneers and ‘jetted’ pumice deposits (e.g. Wilson 
and Walker 1982), low aspect-ratio deposits (Walker 1983) and stratified basal layers below massive 
ignimbrites (Valentine and fisher, 1986).  The problems associated with the plug flow model are that 
it requires internal sorting mechanisms to generate a wide range of complex stratigraphies which are 
observed in pdc deposits, and which vary longitudinally and laterally across deposits.  
1.3.4.2  Progressive aggradation
early work on ignimbrite deposits interpreted the poor sorting and occasional evidence for uphill 
flow as being indicative of a low concentration flow of suspended material (e.g. murai, 1961), with 
the thicknesses of ignimbrite being veneer deposits which are representative of very much thicker, 
sustained, and mostly over-passed source flows.  The later work of fisher (1966) interpreted poor 
sorting as a result of density stratification within the flow, with the deposit progressively aggraded by 
an overpassing flow.  
Branney and Kokelaar (1992) revisited progressive aggradation as a mechanism for ignimbrite 
emplacement and further developed the scheme to account for welding and facies variations (Branney 
and Kokelaar 1992, 1994, 1997, Kokelaar and Branney 1996).  The classification of pyroclastic ‘surge’ 
and ‘flow’ is replaced by a continuum classification instead based on the dominant particle support 
mechanism at the lower flow boundary zone, namely between:
fully dilute pdc – particle interactions are insignificant, while fluid turbulence dominates •	
flow.  laminar bedding is a common product.  encompasses successions previously termed 
‘surge’, whilst also accounting for transport in the upper region, head, and buoyant plumes 
associated with larger density stratified currents.
granular fluid-based pdc – high clast concentration at the lower flow boundary with •	
particle support dominated by grain collisions.  turbulence and traction at the lower flow 
boundary zone are suppressed, leading to massive, diffuse bedded or bedded lithofacies, with 
grading patterns recording the evolution of the flow through time.
progressive aggradation of an ignimbrite at the denser basal flow boundary zone of a ‘typical’ pdc is 
dominated by high concentration laminar flow (e.g. Branney and Kokelaar 1992; Bursik and Woods, 
1996; dade and Huppert 1996; freundt, 1999), while the bulk of the flow volume is commonly 
passing as a dilute turbulent over-riding flow. As a result of this scheme the sedimentary processes 
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are virtually independent of the over-riding parts of the current; deposit stratigraphy is a product of 
the basal flow boundary zone conditions and their variation, unrelated to the vertical structure of the 
pdc as a whole.  The exception to this is particle supply, which is provided to the basal zone through 
settling from the over-riding current. 
The precise structure of the flow may exist within a wide continuum, from fully turbulent, density 
stratified systems with or without saltation (from which the deposit simply aggrades from direct 
fallout), through a range of density stratified systems in which dense granular fluids and/or fluid escape 
dominate the basal (aggrading) zone of the flow (see figure 1.2).   A full assessment of these schemes 
Figure 1.2 A spectrum of pdc profiles, representing members of an intergradational continuum, from fully dilute (A and 
B) to granular fluid based (c - g). modified from Branney and Kokelaar 2002.
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can be found in Branney and Kokelaar (2002, figure 2.9). note that the type g flow described in 
figure 1.2 permits a plug-flow like sedimentation within a progressively aggraded scheme.
1.4  Objectives
pyroclastic density currents are a very complex flow to attempt to model.  They are polydisperse and 
move over complex 3d terrains.  Attrition, erosion and deposition evolve the charge as it moves away 
from the vent, and the internal dynamics of these flows are liable to be highly variable both laterally 
and longitudinally.  in order to better understand these flows, and how they deposit analogue and 
numerical modelling is forced to make a wide range of simplifications.
ideally, numerical models should be able to accurately reproduce the deposits formed by pdcs flowing 
over complex terrains.  However, to date the modelling is restricted by a lack of understanding of the 
physics of granular flows which dominate these systems, and the complex interactions between the 
particles within a flow, and the flow itself as it traverses different substrates.  ideally a numerical model 
should be able to:
consider supply flux during current initiation and flow1. 
Allow for particle settling from upper turbulent zones to the lower dense regions of flow2. 
correctly model erosive and depositional areas of flow3. 
The key product of any model should be accurate deposit thickness calculations for a given flow 
throughout its depositional area.  in order to truly interrogate whether a model is correctly dealing 
with flow mechanisms, however, it would be highly informative to generate a model which is able 
to deal with particle sorting mechanisms, and hence generate internal deposit geometries.  in turn, 
comparison for field deposits would allow verification of not only deposit thickness data, but that 
the processes at work are being correctly modelled.  to date a lack of tightly constrained physical 
parameters in experiments which assess the internal geometries of flume deposits makes such a model 
impossible to validate.
in order to provide data to further develop the numerical modelling and understanding of pdc 
dynamics, this work develops a laboratory modelling approach. With sedimentation of ignimbrites 
being dominated by the mechanisms active in the flow boundary zone of density stratified pdcs, and 
the significance of dense granular flow at this interface, use of polymict charges is developed in order to 
attempt the generation of typical ignimbrite stratigraphies such as reverse graded pumice, and normal 
graded lithics. furthermore, by utilizing multiple charges this work also aims to investigate the role 
of reworking in dense granular systems.  Branney and Kokelaar (2002) emphasize the significance of 
waxing and waning flow, and the evolution of pdcs as vent dynamics change.  simple modelling of 
these pulses as individual charges may enable some insight into the degree of reworking thin flows 
are capable of. 
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The analogue experiments will help constrain :
initiation characteristics from static granular piles1. 
flow behaviour and particulate sorting downslope2. 
4d depositional behaviour of dense granular flows3. 
interaction between a static granular substrate and an over-riding flow4. 
The extent to which 1-4 influence final internal deposit geometry.5. 
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CHAPTER 2: REVIEW
2.1  The physics of pyroclastic density currents
The subject of pdcs is one which has been of growing interest in recent decades.  like many 
geophysical flows, pdcs are not standard fluid flows; they are a multiphase process, comprising solid 
particles (i.e., clasts) and interstitial fluid (which may be liquid or gaseous).  However, because the 
particles are usually denser than the interstitial fluid it is the particles themselves which have by far the 
greatest influence on the movement of the flow (Bagnold, 1954).  The result of these dominant grain 
interactions is that standard newtonian fluid physics do not accurately describe the flow properties 
of these systems.
granular  flows have been studied in great detail, as the physics of these regimes has increasingly been 
recognized as important in a great many areas of science and technology.  studies include interstellar 
dust clouds (spahn et al., 2000), pharmaceutical production (van der Weele et al., 2001), and civil 
engineering (Houlsby, 1979).  despite the apparent simplicity of granular materials - exemplified by 
the work of Bagnold (1954), in which they are considered as interactions between inelastic spheres 
- there is still no model for granular flow behavior that approaches the stature of the equivalent 
navier-stokes equations for newtonian fluids.   There have been attempts to adjust the navier-stokes 
equations to fit granular gases (e.g. Brey et al., 1998), but these have proved to be unsuccessful in fully 
predicting their behaviour.  
2.2  Development of granular physics
The earliest significant development in the study of granular materials was that achieved by coulomb 
(1776), whose study of soil mechanics introduced the idea of shear strength, and his calculations 
form the backbone of the so called mohr-coulomb friction regime.  The first work which recognised 
granular flows as being significantly different to newtonian fluids was carried out by Hagen (1852) 
and reynolds (1885). Hagen (1852) in particular was interested in how hourglasses worked, and 
reynolds (1885) in the dilatancy of granular materials.  reynolds recognized that as shear stress is 
applied to a granular mass it begins to dilate and flow.  later Bagnold (1954) looked at large solid 
spheres as a way of approximating granular flows.  much research in the 1960-70s switched to a focus 
on fluid dynamics and aerodynamics, so that by the 1970s it was felt by some that “nowadays only a 
few experts are concerned with the flow of powders and bulk solids” (Wieghardt, 1975).  
By the 1980’s computing power was reaching a  stage where numerical simulation of flows was 
becoming a possibility, and hence a large inter-disciplinary network of scientists found themselves 
working on granular physics research from many different directions, and using a variety of scientific 
approaches, including both mathematical and analogue modelling.  Volcanologists specifically started 
taking a greater interest following the 1980 eruption of mount st Helens (Wilson and Head, 1981; 
Kuntz, et al., 1981), when understanding the behaviour of pdcs was recognized as a priority.  
granular materials behave very differently to the standard states of matter, and for this reason it has 
been argued (mehta and Barker, 1994) that they should be considered a state of matter in their own 
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right.  to understand how the unique properties of granular materials arise, it is first important to 
consider a typical granular material.  
2.3 Inertia, collision and friction
most granular systems are made up of macroscopic particles, and these particles transfer forces 
between each other. The interstitial fluid in systems with low fluidisation is generally considered to 
be irrelevant due to it minimal viscosity and comparatively insignificant density.  The importance 
of interstitial fluids in granular systems can be expressed through calculation of the flows Bagnold 
number: 
By relating the solid volume fraction φ , the solid particle density ρs, strain rate γ, average particle 
diameter d, and viscosity of the interstitial fluid  μ , the equation will characterize the importance of 
the interstitial fluid to momentum transfer (Bagnold, 1954).  for NB ≤ 40 the material is described as 
macroviscous, where the interstitial fluid is important in momentum transfer. for NB ≥ 450 the flow 
is described as inertial and momentum transport is by particle interaction (iverson and denlinger, 
2001).
The savage number is useful to demonstrate the relative importance of momentum transfer between 
particles to that by inter-particle friction:
Here, ρf  is the density of the interstitial fluid, g the gravitational acceleration, d the flow thickness 
and j the internal angle of friction (savage, 1984).  Where ns ≥0.1, momentum transfer will have 
an important grain collision component and is said to be in the collisional regime, while below this 
value, the flow is frictional.
The balance between frictional and viscous forces in a granular system may be described by the 
dimensionless friction number (Nf ) , with Nf ≥2000 indicating the collisional regime is dominant. Nf 
may be defined by 
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finally, the darcy number (ND)may be calculated to assess the extent to which a flow is governed by 
viscous or pore pressure effects - i.e. the tendancy for pore fluid pressure between moving grains to 
buffer their interations.  The darcy number may be defined by
where k is permeability, and transition betwen inertial and collisonal flow occurring at ND between 
1000 - 6000.
to give examples of how these non-
dimensional values are represented in 
typical geophysical flows, two examples 
are given below (iverson and denlinger, 
2001).
The figures presented in table 1.1 must 
be taken with some caution due to the 
sensitivity of these parameters to particle 
diameter, which is itself a parameter 
with a great range of variability in these 
flows, and likely to vary considerably spatially within the deposits.  for the Bagnold number, both 
flows occupy numerical fields within inertial flow categorisation, but the savage number is far nearer 
to the boundary between collisional and frictional regimes.  indeed, because the particles fragment 
through attrition as the flow propagates, transition between the early collisional regime and later 
frictional regime may play be a significant part of the slowing mechanism of pdcs.  it is also worth 
considering that it is likely these values will vary significantly at different points (both spatially and 
temporally) in the flow.  However, only in very unusual circumstance will the Bagnold number 
approach a macroviscous regime for the bulk flow (Bursik, et al., 2005).
importantly, grains do not display elasticity in their collisions, resulting in grain interactions dissipating 
energy.   granular materials often demonstrate a number of unusual features, whether they are in their 
solid, liquid or gaseous states (Jaeger et al., 1996).  it should be noted that because of the random 
arrangement of particles in any granular medium, each configuration has its own unique properties 
that render any kind of reproducibility difficult to achieve.
2.4  Granular Temperature
Another fundamental point of understanding granular media concerns granular temperature. Because 
the physics determining motion is determined largely by particle interaction, the analogy between 
the random motion of granular particles and the thermal motion of molecules in kinetic theory is 
such that granular media can be assigned a ‘temperature’ (ogawa, 1978).  The value assigned to this 
is the mean-square of the random velocities around the mean velocity.  As the granular temperature 
D
s
N m
fr gk
= [2.4]
Elm Rock Avalanche
Mount St. Helens 
PDCs
Bagnold number 4 x 108 9 x 105
Savage number 0.1 0.001
fluidisation number 4 x 109 9 x 108
Darcy number 2 x 10-8 3 x 10-7
tABle 1.1: BAgnold And sAVAge numBers 
for geopHysicAl floWs (from iVerson And 
denlinger, 2001)
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increases, so does dilation of the pile.  As dilation of the pile occurs, flow becomes increasingly 
possible.  A granular pile at rest, with a temperature of zero can be described as a granular solid.  As 
the temperature increases, and grains are able to move from their previously stable arrangement, the 
material can be described as in a granular fluid state.
2.5  Granular solids
The typical granular solid is a pile of grains at rest.  for the purposes of simplicity let us consider a 
homogenous collection of spheres of the same diameter and density.  At rest these spheres will sit in a 
pile with a stable angle of repose (luck and mehta, 2004).   it would be incorrect, however, to assume 
that these spheres sit in a perfect geometrical arrangement.  The random packing of spheres at rest 
was first studied by Hales (1727).  much subsequent study has showed that spherical packing under 
gravity can vary significantly between random close packing (rcp) and random loose packing (rlp) 
limits (e.g., Bernal and mason, 1960).  These limits were defined respectively as volume fractions of 
0.64 (scott, 1960) and 0.55 (onoda and liniger, 1990).  clearly, this is significantly less than the 
volume fraction of 0.74 which is achieved by face-centre-cubic packing – believed to be the closest 
arrangement of identical spheres achievable (rogers, 1958).
The heterogeneous packing of spheres and the three-dimensional transfer of forces through the 
particles leads to stress chains forming within the pile.  These features were demonstrated by liu et al. 
(1995) using crossed polarized light to reveal stress induced birefringence in a static pile.  These stress 
chains appear to have significant implications for propagation of pressure waves through materials 
(liu and nagel, 1994), which in turn influences how a pile destabilises.  external vibrations are able 
to disturb the packing of the grains within the pile, allowing them to travel slowly through granular 
phase-space as portions of the ‘solid’ pile begin to deform in a liquid manner (mehta, 1994).  This 
suggests that granular piles are particularly sensitive to destabilization in the event of seismic activity, 
and therefore potentially critical in the destabilization of pdc deposits in active volcanic zones. 
granular modelling generally assumes mohr-coulomb failure criteria, which describes pile responses 
to shear and normal stress fields:
Where τ is the shear strength, σ is the normal stress, ψ is cohesion and  φ is the angle of internal 
friction.  cohesion is the tendancy for particles to stick together, and will grant shear strength to a 
body. 
2.6  Granular fluids
once the stability of a granular pile is overcome, either through modification of the stress regime 
or removal of a confining wall, the pile (or parts of it) will begin to flow.  until these shear stresses 
overcome any applied normal stress on the pile it will remain static and stable.  one fascinating 
( )tant s f= + Y [2.5]
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feature of granular flows is that when flow 
is initiated from a static pile the grain pile 
as a whole is not necessarily involved in 
achieving a new stable angle of repose 
(see figure 2.1). This is in contrast to 
newtonian fluid which flow as a single 
entity.  
it should be noted that flow of a granular 
pile is accompanied by dilation because 
the grains must have space to move past 
each other (“reynolds dilatancy”).  As 
flows move faster, their dilation increases, 
and a large continuum of possible 
flow states becomes apparent.  The two 
extremes of these are considered as dense 
slow flows and rapid gas-like flows.  in 
volcanological terms the best analogies 
are (a) the shear-dominated dense basal 
region of a pdc (i.e., dense slow flows) 
although this is still a fast moving flow 
in comparison to the plastic deformation 
typically regarded in the category of dense 
slow flows, and (b) the more turbulent 
pyroclastic surge (i.e. rapid gas-like flows). 
With greater flow energy, smaller particle 
sizes and lower density contrasts, granular 
gas behaviour will be replaced by fully 
dilute turbulent gas suspensions, with 
saltation and traction of larger/denser 
pyroclasts. Having these different flow types in different spatial domains of the same flow is by no 
means unusual in natural systems, and the transition between these types of flow is a major area of 
study (Hou et al., 2003).  As dilation increases, the bulk density decreases.  The bulk density ρb of a 
flow is calculated as:
Where ρs denotes solid particle density, ρf denotes the interstitial fluid density, and ε the interstitial 
fluid fraction.  
( )1b s fe e= - +ρ ρ ρ [2.6]
Figure 2.1 surface flow on a granular pile (a) pile of grains at rest. 
(b)The same pile of grains after tilted above the angle of repose.  The 
flow is clearly only taking place in the surface region of the pile. 
(Jaeger, nagel, and Behringer, 1996)
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2.7 Granular processes
2.7.1  The brazil nut effect
granular fluids have been known to demonstrate some peculiar features.  perhaps the best known is 
that of the ‘brazil nut effect’ (herein abbreviated to Bne).  Vibration of a  bowl of mixed nuts (i.e., 
pile of heterogenously sized particles) results in the larger particles working their way to the top (e.g. 
shinbrot and muzzio, 1998). extremes of density in either direction from the average particle density 
in the flow can increase the speed at which the larger particles work their way to the top (mobius et 
al.,  2001). However there appears to be a ‘reverse brazil nut effect’ (rBne) if density reaches high 
enough values (Hong et al., 2001).  The Bne is caused by a combination of (a) the development of 
convective cells within the material, (b) sifting, and (c) the role played by interstital gas. Although the 
mechanics of the interstitial gas effect are not well understood, it has been closely studied by several 
groups (mobius et al., 2001; yan et al., 2003; Kudrolli, 2004; druitt et al., 2007).
The importance of the Bne and rBne effects for pdc flow and deposition is related to the polymict 
nature of these flows, typically comprising significant differences in the density of particles (e.g. low 
density juvenile pumice compared higher density lithic material) and size (μm scale ash particles 
through to cm scale clasts). pdc deposits like ignimbrites commonly contain lenses of pumice clasts, 
perched lithics, as well as reverse graded pumice clasts and normal graded lithic clasts. for some or all 
of these features the Bne and rBne may be the dominant process in their formation.  
2.7.2 BNE/RBNE versus inverse and normal grading
it is important to distinguish between the processes of Bne and rBne, and the lithologies of inverse 
and normal grading observed in many sedimentary systems.  Bne and rBne are sorting mechanisms 
which are able to move large particles vertically through an actively flowing granular system.  normal 
grading describes a lithofacies where large clasts are concentrated at the bottom of the sequence, 
grading up to finer particles towards the top, 
while inverse grading describes the opposite.  
if a stratigraphy is lain by a granular current 
then inverse and normal grading can only 
be directly related to Bne and rBne 
(respectively) if the deposit is known to have 
sedimented from a plug-like flow (en-masse 
deposition). in these situations the vertical 
stratigraphy in the deposit directly relates 
to the vertical architecture of the depositing 
current.  in progressively aggrading systems 
Bne and rBne may be considered active 
processes within the granular fluid layer, 
but the deposit architecture will be strongly 
influenced by sediment supply, flow migration, 
and other factors to produce a grading pattern 
Figure 2.2 typical clustering in 2d inelastic collisions from 
goldhirsche and Zanetti (1993)
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which can not directly represent the effects of a purely Bne/rBne sorting mechanism.  However, 
it should be noted that a sustained granular fluid, being fed a sediment supply will continuously sort 
material according to Bne/rBne processes.  As a result, the distal deposit would become enriched 
in the ‘floating’ particles, so even in aggrading systems Bne and rBne are likely to have first-order 
control over particulate sorting.
2.7.3  Density, compressional and rarefaction waves
Visualisation experiments using X-rays to penetrate inside a granular mass of rough materials have 
demonstrated that density waves can be observed in flows. These same density waves are absent 
when near spherical smooth particles are used (Baxter et al., 1989).  This suggests that grain shape 
is a significant factor in effecting the flow interior structure and consequently may have important 
implications for the study of pdcs, as the particles are far more heterogenous than would be found 
in most industrial applications.
in addition to these phenomenon, vibrated grain piles and flows have also been shown to exhibit both 
travelling and standing waves on their free surface, with both compressional and rarefactional motions 
(ocone and Astarita, 1995).  The rarefaction waves were shown to smooth out as they propogated, 
whilst the compressional waves reinforced each other to a point where they became shocks. 
2.7.4  Clustering
When the granular temperature gets high enough the flow dilates to a gaseous state – the solid particles 
are in suspension within a turbulent gaseous interstital fluid.  Because the particles are still interacting 
inelastically any attempts to use the theory of ideal gases to model these multiphase dynamic 
phenomenon will not succeed.  However, there is an interesting feature that develops from inelastic 
interactions; cluster formation (see figure 2.2).  given time an environment of granular particles 
colliding inelastically and  moving chaotically will begin to cluster (goldhirsch and Zanetti, 1993). 
clustering of particles in a confined region encourages further collisions and energy dissipation.  it 
is therefore likely to be a significant process in causing material to sediment back from over-riding 
turbulent, particle-laden gas to denser granular fluid states. This has implications for the transition of 
particles into the dense depositional regions of pdcs.  The clustering effect can also induce sorting 
in polydisperse granular gases (mikkelsen, 2002), and (potentially) deposition from highly fluidised 
currents.
2.8  Capturing flow features
Because granular flow is dominated by collisions between particles, and these particles collide 
inelastically, energy is quickly dissipated by the flow.  This leads to another interesting feature of granular 
media. in order to maintain granular temperature, energy must be continually added to balance that 
which is lost through particle collisions.  in pdc, and other mass flows, this energy is usually added 
through gravitational acceleration as the flow moves down-slope.  once the granular temperature 
drops the flow will stop moving (campbell, 1990).  critically, this can happen very rapidly, so can 
lead to the preservation of flow structures within the deposit.  in the case of sustained pdcs which 
deposit through aggradation, in order to maintain the dense granular current over significant runouts 
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(kilometre scales) several other mechanisms for increased mobility and momentum transfer can be 
considered.  The dense granular fluid at the base of the current will gain momentum throughout the 
lifetime of the flow through interaction with the over-riding turbulent suspension (e.g. dufek et al., 
2009), as well as experiencing increased mobility through gas exsolution from juvenile clasts.  This in 
turn will increase the pore pressure, significantly improving mobility and hence runout (e.g. druitt 
et al., 2004, 2007).  The granular temperature of the flow as a whole is also maintained by constant 
settling of low-momentum particles, resulting in prolonged mobility through the aggradation of a 
deposit; the loss of slow moving particles from the flow reduces the chance of other particles colliding, 
and therefore themselves losing large proportions of their own momentum (newton’s third law of 
motion). 
2.9 Modelling
2.9.1 Challenges in modelling PDCs
modelling by its very nature requires simplifications in order to be a practical tool. Without these 
simplifications the number of variables becomes such that any useful model would require a perfect 
understanding of conditions before, after and during the flow.  simplifications such as assigning all 
particles uniform grain shapes, sizes and densities are reasonable when dealing with grain silos and 
may provide first-order accuracy modelling geophysical systems - at least where variations in these 
parameters within a flow are not extreme. However, these assumptions provide no ability to assess 
the sorting mechanisms in a flow, and hence the validation of modelling through deposit analysis. 
pyroclastic flows are a mixture of lapilli and ash size particles (see figure 2.3) with larger ejected blocks 
as well as entrained material from the vent or the substrate during transportation and erosion.  That 
gives extremes in particle size ranging from over 5 m to under 1 μm (clarke et al.,  2002).  Because 
of the explosive nature of many eruptions which lead to the pdc, there is also as huge diversity 
in particle density.  The erupted felsic pumice 
and ash will often have density values of below 
1000 kg m-3, whilst lithics entrained during 
eruption or flow will have densities of ca. 2500 
kg m-3 (sparks, Wilson, and Hulme, 1978). 
Both density and particle size evolve during 
flow as exsolution of gas from juvenile clasts 
causes both expansion and fragmentation. 
once flowing, these particles are also colliding 
thus causing attrition. it is a reasonable 
assumption that many of the larger blocks will 
be broken up as the flow moves.  All of this 
demonstrates that particle size, density and 
shape are not only significantly more variable 
than current modelling efforts suggest, but also 
evolve during the development of the flow and 
Figure 2.3 grain-size ternary diagram for naming of 
volcaniclastic rocks, adapted from fisher (1961) to follow 
schmid (1981) in abandoning “lapillistone”). divisions at 25% 
ash vs lapilli, then 25% and 75% ash vs blocks and bombs.
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spatially within it.  in summary, pdcs are characterized by:
Heterogeneity in particle density, size and shape•	
Variability in particle supply during the flow lifetime •	
transport and deposition over complex topographies•	
potential for reworking of loose substrate of similar material•	
Wide range of resultant lithofacies •	
Variety of depositional mechanisms•	
Variability in volume and area of deposition•	
Variability in temperature•	
High pore pressure and mobility•	
evolution of parameters spatially and temporally within the flow•	
All of which together adds layers of complexity to an already complicated area of physics. 
consequently numerous assumptions are made in any attempts to model pyroclastic flows.  some 
of these common assumptions include: 
uniform particle size•	
uniform particle shape•	
uniform particle density•	
irrelevance of interstitial fluid•	
uniform stresses within the bulk material•	
non-erosive behaviour•	
no addition of material during flow•	
no evolution of flow properties during flow•	
These assumptions allow modelling to be carried out, but it must be considered that flow behaviour 
in systems where so many variables are discounted is likely to miss subtleties in flow and deposition 
of pdcs.  in assessing controls on flow and overall deposit geometry, assumptions of particle density 
and particle shape are unlikely to effect first order relevance - most pdcs are composed of fairly 
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similar particles, with lithic clasts and so forth generally a minor constituent.  However, these become 
significantly more important if we are to consider sorting effects within flows, and the internal features 
which result in the deposits. The remaining assumptions are perhaps more serious. evolution of material 
during flow is very difficult to control, so is unlikely to be considered in laboratory experiments. 
interstital fluid and pore pressure are also challenging, and require complicated experimental set-ups. 
collapse from granular piles is subject to variations in the random packing within the intial pile, and 
as such is impossible to control - however, it is highly unlikely to have any first order significance in 
deposit formation.  The particle size, erosion and entrainment variables are more viable for testing, 
and likely to have significant impacts on the geneartion and structure of deposits.
pdcs have the added complexity that they show the full range of flow dilation as the granular 
temperature increases, from static grains at rest in a stable pile (the deposit) through to inflated 
granular liquid, to a granular gas, with high particle excitation and flow dilation.  due to this dynamic 
change within the system the complex transitional behavior between these states is also significant 
(Kadanoff, 1999).
Both numerical and analogue models are useful tools for the volcanologist.  Analogue models are 
valuable when the physics is poorly understood, as they provide a baseline for numerical models to 
match.  Analogue modelling also allows the introduction and assessment of awkward variables such as 
mixed grain types and complex basal features relatively simply.  Being able to observe an actual flow 
in progress is also informative, especially when using particle or flow-region tracking features such as 
colour-coded bands in the flow.
numerical modelling on the other hand requires an understanding of the physics behind the flow in 
order to be able to start developing the accuracy of the model.  Assumptions such as shape of grains 
and slope geometries are simplified to avoid very complex calculations.  A vital feature of a numerical 
model is the simplicity of scaling up to natural dimensions, and the ability to interrogate the flow (or 
resulting deposit) at any desired point temporally or spatially.  it is also much faster to change values 
for variables in a numerical model, allowing genetic algorithms to assist in rapidly narrowing down 
flow specifics (e.g. goldberg, 1989).  one of the disadvantages of a numerical model, particularly 
when dealing with poorly understood physics of a flow, is that inaccuracies in the models results 
are difficult to identify; just because a surface topography appears to be correct at a point, it is not 
necessarily a product of a realistic flow mechanism.
numerical modelling of flows can be carried out using one of two general schemes: the eulerian and 
the lagrangian.  The essential difference is the eulerian method tracks overall fluid properties at a 
given point or segment, whereas the lagrangian approach deals with individual particle trajectories.
2.9.2  Numerical models and theory
it is important to note that throughout the majority of the 20th century the vast majority of granular 
flow modelling was carried out in relation to industrial fields (e.g., flow of grain in silos and other 
containers), and the relevance to pdcs iwas largely unappreciated.  However, this changed following 
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the eruption of mt st. Helens in 1981, and a spate of explosive volcanic activity throughout the 
1990’s most notably unzen, Japan (1990-95); pinatubo, philippines (1991); fuego de colima, 
mexico (1991-present) and soufrière Hills, montserrat (1995-present).  These eruptions were well 
studied (e.g., mcewan and malin, 1989; levine and Kieffer, 1991; nakada et al., 1999; Voight et al., 
2002; sparks et al. 2002) leading to a wealth of information upon which subsequent modelling could 
be based.
early theories of pyroclastic flows, (Anderson and flett, 1903) struggled to explain fluidization and 
tended to rely on particles within the basal part of the pdc being surrounded by gas, which provided 
buoyancy as it expanded.  By the 1960s and 70s this theory had developed to suggest that entrapment 
of cold air and its subsequent heating might be the main cause of reduced friction within the flow 
(mctaggart, 1960).  more recent work has confirmed that high pore pressure is vital in achieving 
long runout flows (e.g. druitt et al., 2004), with exsolution of gas from juvenile particles, and the 
expansion of entrained gas under high temperatures likely to be major contributors.
observation of the 1974 fuego (guatemala), 1975 ngauruhoe (new Zealand) and 1981 mount 
st. Helens (us) eruptions lead to a study of depositional features such as reverse grading, lobate 
fronts and levées.  These eruptions lead various authors to conclude that the fluidization resembled 
more closely that of a high yield-stress density current with non-newtonian physics (nairn and self, 
1978; Wilson and Head, 1981).  This development, along with the wealth of observational data now 
available lead to a number of models being developed (Battaglia, 1993; Wilson and Head, 1981). The 
key feature was a frictional term proportional to some power of velocity.  it should be noted that these 
models were all developed while en-masse deposition was the most probable inferred mechanism for 
ignimbrite formation.
These early models had particular problems achieving a reasonable value for flow speed without 
inferring that the flow was turbulent (e.g. mcewan and malin, 1989; levine and Kieffer, 1991).  This 
contradicted current understanding, as it ignored the levees and other obvious depositional features 
that were consistent with non-newtonian behaviour.  since then it has been demonstrated that these 
features are not restricted to non-newtonian flows (major and iverson, 1999; pouliquen, delour, and 
savage, 1997).
2.9.3  Alternative friction models
savage and Hutter (1989) argued that inter-granular interaction rather than interstitial gas was the 
important dispersive pressure.  This led to the conclusion that once within the frictional regime (as 
determined by the savage number expressed in equation [2.2]) the initiation of flow movement 
(or shear stress at failure) was proportional to the normal stress acting on the pile.  This is known 
more commonly as mohr-coulomb friction, and various studies were made using mohr-coulomb 
friction to describe granular flows – most comprehensively achieved by savage and Hutter (1989), 
who developed a series of motion equations able to describe a deforming granular mass moving down 
a slope, based entirely on a mohr coulomb friction term.  savage and Hutter (1989) demonstrated 
that shear stress is proportional to normal stress even in inertial regimes, so therefore the following 
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equation can be derived to give the conservation of energy for a friction coefficient of tanØbed:
Where the mass m of a block placed on a slope of angle θ, at height H, and length L1 above a 
horizontal runout of length L2.  This leads to:
The validity of using a mohr-coulomb friction term in pdcs was tested by Hayashi and self 
(1992).  They studied the ratio of height descended H and the runout length L in pyroclastic flows 
in comparison to the H/l ratio in volcanic and non-volcanic landslides.  Their study argued that 
although there was an amount of scatter in all the data, regression lines of H/l versus deposit volume 
for the three plots were indistinguishable, and concluded that it is unlikely that pyroclastic flows have 
a significantly different emplacement mechanism to other geophysical flows.  The scatter is attributed 
to differences in material properties.  This view is not, however, universally held; pdcs and some 
large debris flows demonstrate a runout length above that which might be expected from the standard 
mohr-coulomb friction terms. dade and Huppert (1998) proposed that rather than assuming shear 
stress as proportional to the normal stress, it is constant.  for a flow of mean width w:
Because volume V m∝ , then for constant shear stress τ, and shape factor  wLl =
using this scheme calder et al.(1999) and legros (2002) produced convincing results demonstrating 
that when separated into distinct environmental categories (such as water content) this latter method 
produces better collapse reproduction than the mohr-coulomb models.  This would suggest that 
runout is indeed controlled by a constant stress condition rather than the coulomb model which 
assumes it is a constant slope condition, at least in certain situations.
2.9.4  Modelling approaches 
numerical approaches to granular flow modelling have generally pursued two paths; eularian depth 
averaged integration (e.g., gray, Wieland, and Hutter, 1999) and lagrangian discrete particle simulation 
(e.g., Hanes and Walton, 2000).  in terms of understanding physical principles, the discrete particle 
method is a useful approach and has a great deal of value.  However, in pdc modelling, due to the 
large number of particles, and variables of the flow, depth averaged modelling has been used almost 
exclusively.  depth-averaging is used extensively within fluid dynamics, and has been imported to 
granular flow mechanics.  it operates through the integration of flow properties throughout the range 
of the vertical dimension of the flow. in terms of geophysical flows this is its depth (where runout 
2mgH wLt= [2.9]
2
3A Vµ [2.10]
tan bed
H
L
f= [2.8]
1 2tan cos tanbed bedmgH mgL mgLf q f= + [2.7]
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is very much greater than flow width, and width is in turn greater than depth).  Key assumptions 
with this method are that variations in the properties of the flow within that dimension are either 
non-existent or have no effect on flow behavior.  As has been demonstrated in this chapter, those 
assumptions are not necessarily valid when discussing pdcs.  The flow mechanics and structure from 
the upper surface through to the basal interface would appear to be significantly more complicated 
than assumed when using a simple depth averaged model.   furthermore, in small channelised flows 
it is possible that channel with is very close to the dimensions for flow thickness, rendering the 
assumptions made for depth averaging invalid.
modelling thus far has succeeded in providing a reasonable match of deposit thickness in respect to 
simple 2d analogue models of granular flows (e.g. denlinger and iverson, 2001), and there have 
been a number of partially successful attempts at 3d modelling of these same situations (e.g. gray, 
Wieland, and Hutter, 1999).  denlinger and iverson (2001) focused on a depth averaged model 
and attempted to match a small analogue flume experiment, using a 0.5 m slope and subsequent 
horizontal runout.  This model used a coulomb friction law, which was shown to be effective at 
matching speed and runout lengths in laboratory scale flows (savage and Hutter, 1991).  The results 
from this experiment are shown in figure 2.4.  At first glance the results appear to be a good match 
from the analogue experiment to the numerical model.  However, closer analysis shows several key 
issues.  Whilst the flow-front has a good match to that observed in the experiment, by 0.32 seconds the 
numerical model has not initiated as quickly.  At 0.53 seconds the flow is demonstrating a geometry 
significantly different to that in the experiment; the flow depth in the model at 80cm along the flume 
is ahead of the bulk of the flow in the experiment by some 10cm, and also is not demonstrating the 
pile developing at the break in slope (shown as a slight topographic high 100cm downslope in the 
flume experiment).  The tail-end of the flow shown in the 0.93 second time-slice shows significant 
differences between the two, with substantial thicknesses still being evident at the sidewalls in the 
numerical model upslope of the break in slope.  The final deposit at 1.50 seconds has similar extent, 
but the geometry of the topographic highs is inconsistent with the laboratory model.  The numerical 
model would appear to respond to sidewall interaction significantly differently than the charge within 
the laboratory flume does.
The 3d work of gray et al.(1999) was also compared to a laboratory analogue model, and again used 
a coulomb friction law.  similar criticisms to the denlinger and iverson experiments (figure 2.4) 
remain; although the flow front is broadly similar to the experimental front, the pile shape and height 
are significantly different, particularly later in the simulation.
many of the inaccuracies occurring in these models may be simply due to assumptions being made by 
using the depth averaged model, as outlined earlier.  several workers have recently started developing 
two-layer depth averaged analyses, notably doyle et al. (2006). The advantage of these systems is 
that although they still rely on depth averaging, it is possible to depth average separate layers in the 
flow, one above the other.  This fits well with a model of a density stratified flow.  crucially, it opens 
the possibility for modelling sedimentation from one of these layers to the other as the flow regimes 
change.  multi-layer modelling of pdc appears to be a convincing step in the right direction; the 
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simplifications made in the older single 
layer models are demonstrably not valid 
when compared to flow observations in 
the field.  
perhaps the one factor most noticeably 
lacking in work to date is the erosive aspect 
of the flows.  There is very little work 
dealing with the erosive action of  granular 
fluids or pdcs, and indeed there has 
been little work in identifying reworked 
material within pdc deposits in order to 
constrain erosive models.  However, it is 
clear from many examples of cross-cutting 
relationships in the field that pdcs are a 
powerful erosive force, and this is likely a 
significant aspect in the impact of a pdc 
on a volcanic environment.
2.10  Objectives
in order to further develop the numerical 
modelling and understanding of pdc 
dynamics, this work develops a laboratory 
modelling approach. With sedimentation 
of ignimbrites being dominated by the mechanisms active in the flow boundary zone of density 
stratified pdcs, and the significance of dense granular flow at this interface, use of polymict charges 
is developed in order to attempt the generation of typical ignimbrite stratigraphies such as reverse 
graded pumice, and normal graded lithics. furthermore, by utilizing multiple charges this work also 
aims to investigate the role of reworking in dense granular systems.  Branney and Kokelaar (2002) 
emphasize the significance of waxing and waning flow, and the evolution of pdcs as vent dynamics 
change.  simple modelling of these pulses as individual charges may enable some insight into the 
degree of reworking thin flows are capable of. 
 The first stage of analogue experiments will help constrain:
initiation characteristics from a static granular pile1. 
flow behaviour and sorting downslope2. 
depositional behaviour of dense granular flows.  3. 
Figure 2.4 denlinger and iverson (2001) flume results
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CHAPTER 3:  PROCEDURE AND VALIDATION
3.1  Field Validation
The laboratory experiments have been designed to provide analogues for pdc flows and deposits.  A 
wide variety of granular density currents exist in nature, and the dense granular flows found at the base 
of pdcs are notable for their particle heterogeneity, in terms of not only size, but also density and 
proportional variation.  in order to validate the results of the experiments against a field analogue, the 
1975 pdc deposits of ngauruhoe, new Zealand are used to a) provide direct structural comparison 
and b) inform the selection of flow materials.  These are small volume (5000 m3) andesitic composition 
deposits formed by small, discrete Vulcanian eruption pulses (lube et al., 2007).  furthermore, the 
design of the flume experiments was influenced by more broad measurement and analysis of volcanic 
slopes.  in later chapters experimental results are compared with ignimbrites from the Bandas del sur 
formation in tenerife, spain.
3.1.1  Slope Analysis
in order to generate a typical volcanic geometry for the final flume design used in the internal 
geometry experiments a series of volcanic cone profiles were analysed.  A range of pdc generating 
edifices were studied, with profile photographs of their cones traced, and measured.  comparisons 
of these slope traces against reference slopes may be seen in (figure 3.1).  not included are edifices 
produced by caldera-forming eruptions.  These eruptions are capable of producing sustained pdcs, 
and are inferred to be the mechanism for formation of the very largest ignimbrites such as the Bishop 
tuff.  calderas formed by these eruptions are commonly several to tens of kilometres across, making 
relation to the local topography largely meaningless in terms of runout slope geometries.
The indication that 30-35 degree upper slopes are typical of explosive volcanic cones was used to 
inform the design of the third-stage flume.  The runout slopes of these volcanoes are not always 
captured, and in the cases of island volcanoes are missing entirely.  
3.1.2  Ngauruhoe Samples
fieldwork on the 1975 pdc deposits on ngauruhoe provided an excellent opportunity to gather 
sample material from unusually dense and small volume deposits.  With a maximum runout of 
approximately 1km, and individual flow volumes in the region of <5000 m3 (lube et al., 2007) they 
are quite different from ‘typical’ ignimbrite style pdc deposits, but are useful as an end-member 
study of purely granular deposition as represented by small scale laboratory flume experiments.  As a 
classic stratovolcano ngauruhoe displays a near constant 29° slope on its north-West flank from its 
summit (2291 m) down to the mangetepopo Valley at approximately 1300 m (far left edge of figure 
3.2).  The cone is composed of unconsolidated scoria and ash deposited from density currents and 
fallout, along with numerous largely brecciated lava flows.  The source of these flows is not necessarily 
ngauruhoe itself, as it is only one of 12 vents in the tongariro complex. High altitude and low 
rainfall have enabled excellent preservation of these dry deposits.  located within a World Heritage 
site, sample collection was very strictly limited to a 5 kg total.  As such a small number were collected 
for various points in a single flow to give an idea of material properties at various points across and 
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down the flow.  studies conducted by lube et al., (2007) provide detailed cross sections of these flows, 
demonstrating typical levee-and-channel morphologies (figure 3.3).
samples collected comprised large scoriaceous blocks (up to 400 mm diameter in the field) allowing 
displacement experiments to calculate density, as well as fine grained (lapilli to ash grade) internal 
material which has been subjected to sieving to generate grain size charts at different positions in the 
flow (see section 3.2.4).
specifically the fieldwork was focused on a series of pyroclastic flows deposited during the  most 
Figure 3.1 traced profiles of a selection of stratovolcanoes placed against a reference chart comparing  30 and 35 degree 
upper slopes alongside 5 and 10 degree lower slopes.  many of the profiles are traced from aerial photographs which will 
slightly underestimate slope angles.  lower slopes are not always captured, particularly in the case of island volcanoes 
which frequently demonstrate steepened shorelines due to erosion.
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recent eruption in 1975.  in the 
afternoon of february 19th 1975, 
after 7 days of intermittent 
volcanic tremors, ngauruhoe 
commenced a 5 hour burst of 
activity which ejected 3.9 x 106 
m3 of material from the main 
vent.  Approximately two thirds 
of this material was ejected as 
airborne ash, with the remaining 
third forming a number of small 
volume scoriaceous pyroclastic 
flows ejected in two distinct 
phases flowing down the north 
western side of the volcano. 
These resulted in sequences of 
often inter-digitated deposits no 
more than approximately 1200 m in runout.  due to the elevation and the relatively dry climate of 
this part of the north island the deposits have seen comparatively low erosion rates, and as such are 
an excellent example of small volume flows.
The field-based aspect of the trip had four distinct aims;
to identify overall variation within the deposit 1. 
to establish the finer scale structure of the deposit (e.g. grading, presence of flow-features, 2. 
lateral, longitudinal and vertical sorting effects) 
to collect representative samples for laboratory analysis 3. 
The samples were collected in order to provide data to inform later experimental material selection. 
due to the sample collection restrictions it was important to concentrate collection to a single deposit. 
for this reason each flow unit was carefully assessed, and the most appropriate for the research needs 
was selected prior to any collection taking place. A number of desirable deposit features were identified 
prior to entering the field. These included good preservation throughout, a clear proximal source, a 
relatively straightforward run out system with distinct features that would allow more detailed model 
testing and manageable size within sample constraints and time.
of the 1975 deposits, lube et al. (2007) identified 6 distinct flows;
i. flow from eruption phase 1 overlain by lobate phase 2 flow. smooth facies grading. 
ii. phase 1 flow overlain by eruption phase 2 flow. 80m cliff creates break in flow. 
Figure 3.2 29 degree slope set against a photographic image of the north west 
flank of ngauruhoe, taken from 39° 8’ s 175°36’e looking east.
54
iii. phase 1 flow, some forking of the 
flow at its distal end. facies grading not 
distinct. 
iV. Very small volume phase 1 flow. poorly 
defined upper flow path. 
V. relatively small volume flow. clear 
facies grading. 
Vi. large phase 1 flow. some forking. 
clear facies grading
flow Vi was selected as it had a relatively 
good proximal preservation (~300 m 
absent from the proximal scree slope), 
clearly identifiable edges, a small amount 
of forking and demonstrated a number 
of facies systems along its length.  one 
very distinct feature of flow Vi was its 
interaction with a pre-existing lava flow at 
approximately 1400 m altitude, where the 
current became confined within a steep-
walled channel, then broke out to deposit 
into the mangetepopo valley.
3.1.3  Deposit Description 
The north Western flank of  ngauruhoe is 
layered with numerous pyroclastic deposits 
and lava flows composed of andesitic 
to phonolitic material (christenson, 
2000), leading to a confusion of channel 
interaction which can at first instance be 
difficult to differentiate.  from a distance 
the blocky levees of the lava flows can easily 
be mistaken for pyroclastic levee deposits.
flow Vi has a run out of approximately 
1.8 km from the vent of the volcano, The 
first 800 m from the vent are in a northerly 
direction, before veering to the north west, dropping down to 1375 m in altitude as it reaches the 
head of the mangetepopo valley.  The upper 300 m are entirely obscured by scree collapse from the 
vent (figure 3.4).  
Figure 3.3 scaled drawings demonstrating cross sections through 
channels at increasing distance from vent of ngauruhoe 1975 pdc 
deposits.  Adapted from lube et al. (2007).
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The uppermost visible part of the flow has a veneer-like morphology rapidly transforming into a levee 
and channel system with broad levees (figure 3.5), composed largely of scoriaceous blocks and lapilli 
ranging from 10 to 150 mm in diameter with occasional large blocks up to and over 1000 mm. mixed 
within this scoriaceous material there was <10% highly reddened material which appears to represent 
entrained agglutinate from the proximal vent area.  The channel itself appeared to be largely empty 
of contemporaneous deposits. This could be either due to lack of deposition or removal due to wind 
action and snow melt runoff.  clear evidence for run off activity can be seen in the small erosion 
channels cutting through parts of flow Vi caused by annual melt water (pale ribbon-like channels 
visable in the centre of figure 3.3).
At around 1700 m altitude the depositional style changes as the slope steepens.  There are no clearly 
identifiable deposits from the flow, although the channel is visible as an erosive feature.  The levees 
are masked by scree from the summit area.  As the slope comes to a shallower angle again the levees 
re-appear.  They are composed of  material which is indistinguishable from those higher on the slope 
(scoriaceous blocks and lapilli ranging from 10 to 150 mm in diameter with occasional large blocks 
up to and over 1000 mm).  The central channel at this point has no visible deposition occurring 
within it.  
Figure 3.4 A view from the upper scree slopes on the vent (taken from ca. 2050m altitude) showing the upper reaches of 
flow Vi and the domination of scree on the very upper slope.  The scree material is largely composed of the same material as 
that found within the flow.  A forking melt water channel can be seen bifurcating around the upper edge of the deposit.
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Figure 3.5 The uppermost recognisable deposition of flow 6.  clear levee and channel facies with occasional large blocks.  
in the middle distance can be seen one flank of tongariro itself, defining the opposite side of the mangetepopo valley.
Figure 3.6 The upper-mid section of flow 6 demonstrating a wide levee and channel facies at the point of bifurcation.  
A central ridge develops and evolves into the dividing levees.  The channel within the levees at this point has little to no 
deposition.
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By 1500 m elevation the slope profile has evolved in such a way that the levees contain deposited 
channel material (figure 3.6).  Below 1470 m altitude flow Vi is confined within the levees of an old 
lava flow.  This channeling has been linked to the comparatively long run out of flow Vi for its volume 
(lube et al., 2007).  The only significant deposition in this section is where the flow overtopped the 
outside bends in the occasional gentle curves developed by the channel.
At the distal end the flow follows a breach in the lava channel (figure 3.7) and spills out into the head of 
the mangetepopo valley.  This breach drops the flow by approximately 10 m over a horizontal distance 
of approximately 20m.  There is no deposition in this phase, leaving only the scoured channel.  
on escaping this narrow channel into the wide plain of the valley the flow rapidly dissipated energy 
and started depositing classic levee and channel morphologies (figure 3.8 and figure 3.9).  several 
large (2 m high) teardrop-shaped, steep sided lobes of material terminate within 30 m of the breach 
(figure 3.10).  These are characterized by clast-supported scoriaceous material, often bread-crusted, 
with occasional red agglutinate clasts.
stacking of one lobe on top of another suggests several pulses of flow in this particular channel, and 
run out of multiple small volume charges, forming anastomosing levee and channel morphology as 
far as 100 m further on (figure 3.11) supports the idea of several discrete currents coming down this 
same axis of flow.   importantly the levees in the distal run out phase reduce to as little as 0.1 m in 
height as measured from the surface of the channel deposit.
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Figure 3.7 steeply eroded channel breach through a pre-existing lava flow.  no deposition occurred in this phase of flow.
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Figure 3.8 on escaping the confined lava channel the associated energy reduction resulted in a rapid transition to levee 
and channel morphology, with 1 m or more levee height.
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Figure 3.9 The tallest levee within flow Vi, demonstrating the fine grained material contrasting against the larger overlying 
and infilling blocks of material.  These blocks are comprised of scoria demonstrating a large range of vesiculation, as well 
as <5% reddened agglutinate presumably entrained in the flows upper transition.
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Figure 3.10 larger channels terminate in lobate deposits which are characteristically steep sided, with moderately well 
sorted blocky scoriaceous material making up the bulk of the surface.
Figure 3.11 The distal phase of run out and deposition consists largely of anastomosing shallow levee and channels.
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3.1.4  Field samples
sample collection was conducted in order to define physical parameters for the various flow materials, 
and as a record of evolution of the flow material with distance from vent.  sample locations are 
presented in (table 3.1).  it is worth noting that the terminology used here is sedimentological rather 
than volcanilogical due to the greater sensitivity to the relevant grain sizes, most particles simply 
sitting within the lapilli classification (2-64mm diamter) of volcaniclastic material classification. The 
samples fall into two general categories; clast supported gravel-boulder grade material from levees and 
distal lobes, and matrix supported channel fill material.   The field descriptions which follow include 
detail on the locality as well as the specific sample due to the inability to sample many of the large 
blocks present at any given locality. 
Figure 3.12 large blocks of pumiceous material survived run out in the flow.  These blocks are surprisingly fragile and can 
shatter easily.  distal toe of flow.  shovel is 1m long.
Sample number Altitude Latitude Longitude Situation
PRNg6-01 1389 m 39° 8’ 28.32”S 175° 37’ 36.95”E Distal lobe front
PRNg6-02 1403 m 39° 8’ 29.72”S 175° 37’ 37.78”E Distal internal flow material, at base of breech
PRNg6-03 1393 m 39° 8’ 28.90”S 175° 37’ 36.41”E Internal flow material, distal runout
PRNg6-04 1496 m 39° 8’ 35.12”S 175° 37’ 42.96”E Internal flow material, midslope
PRNg6-05 1704 m 39° 8’ 50.14”S 175° 37’ 58.22”E Levee material, upper slope
PRNg6-06 1394 m 39° 8’ 28.90”S 175° 37’ 36.41”E Distal runout levee material
tABle 3.1 description of sAmple locAlities
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3.1.5  Sample descriptions.
PRNg6-01
poorly sorted medium to very coarse gravel, with occasional boulders. unconsolidated, clast supported, 
and composed largely of dark scoriaceous material (>90%) with occasional reddened agglutinate 
material.  Vesicularity of material appears to grade substantially from no obvious vesicles to extremely 
vesicular.  large fragile blocks of highly vesicular material have survived transport in the flow intact 
to this point (figure 3.11).  
PRNg6-02
dark grey, unconsolidated matrix supported, poorly sorted sand containing ~20% fine-coarse gravel. 
gravel is comprised largely of vesiculated material, largely equant, sub rounded to very angular in 
shape.
PRNg6-03
medium grey, unconsolidated matrix supported, poorly sorted sand containing ~25% fine-coarse 
gravel.  gravel is comprised largely of vesiculated material, largely equant, sub rounded to very angular 
shape.
PRNg6-04
medium grey, unconsolidated matrix supported, poorly sorted sand containing ~20% fine-coarse 
gravel.  gravel is comprised largely of vesiculated material, largely equant, sub angular to very angular 
shape.
PRNg6-05
medium –coarse gravel, including frequent small cobbles and occasional boulders.  material is 
generally well vesiculated with very unvesiculated material.
PRNg6-06
Very poorly sorted clast supported fine gravel-cobble grade material demonstrating variation between 
highly vesiculated to unvesiculated pieces.  Vesiculated make up by far the majority, with <10% made 
up of unvesiculated clasts.  shape varies from angular to sub-rounded, with the unvesiculated pieces 
tending to angular, and frequently tabular in shape.
3.1.6  Sample analysis
The samples were divided into two groups for the analysis stage; samples prng6-02, prng6-03 
and prng6-04 were dry sieved to give an insight into the fines component of the flow, while the 
remaining samples were subjected to density analysis in order to define the limits of particle density 
and Vesicularity within the flow materials.  ngauruhoe field samples were size graded in the rHul 
earth sciences department laboratories using standard sieve trays.
3.1.6.1 Fines samples
for the fines component, a 9-sieve stack was used, and each sample subjected to 30 minutes on the 
shaker table.  The largest sieve used was 2.8 mm, (-1.5Ø), and any sample retained at this level was 
excluded from further analysis.  This was so an upper limit on the sample could be defined, and to 
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reduce any statistical errors derived from the relatively small sample volumes getting distorted by 
individual large clasts.   The sample mass was measured before sieving, with the mass of the 2.8mm 
sub-sample removed from this total in order to define the sieving error.  The grAdistAt analysis 
package was used to perform statistical analyses on the samples, with summary results presented in 
table 3.2. A plot of cumulative grain size for the three samples is displayed in figure 3.13.  detailed 
grAdistAt results are shown in Appendix d.
sample prng6-02 is noticeably finer grained than samples prng6-03 and prng6-04, with 
approximately 5 times the silt/clay grade fines than the other two samples.   prng6-02 has a lower 
mean (266.5 μm versus 465.6 μm and 434.9 μm respectively according to the folk and Ward 
(1957) method), and has a leptokurtic distribution (tails of distribution more poorly sorted than 
central portion).  This contrasts with the identical platykurtic distribution (0.780) demonstrated by 
prng6-03 and prng6-04, indicating a wider distribution of particle size.  prng6-03 and prng6-
04 are both remarkably similar in all respects and show almost identical sorting (2.731 and 2.738 
respectively), slightly better sorted than prng6-02 (3.702).  This places all samples within the poorly 
sorted classification (folk and Ward, 1957).  The similarity between prng6-03 and prng6-04 is 
interesting because they are from very different locations in the flow with approximately 300 m of run 
out separating them, a large distance of that being a non-depositional channelised system.  prng6-02 
on the other hand is only 40m from prng6-03.  The 02 sample, however, is taken from the point 
at which the flow exits the steep-walled lava channel.  The implication of this is that the sudden 
reduction in flow energy caused excessive deposition of the clay-grade fines.  
3.1.6.2 Coarse Samples
The levee samples have been analysed so as to extract useful data imposed by density variation within 
the flow material.  due to the limitations on collection volumes imposed by the new Zealand 
department of conservation, these cannot be considered a statistically significant sampling of density 
distribution within the flow, rather a demonstration of some of the variation in densities found at 
different points in the flow and deposit.  each sample comprised numerous individual subsample 
clasts, each of which was weighed and submerged in a displacement tank to determine volume.  
figure 3.14 presents the results of Archimedes principal density analyses (Appendix d) of the various 
sub-samples (volumes measured using a displacement apparatus).  note that error bars are almost 
universally confined within the size of the data point.  This error is derived largely from the instrument 
error in the displacement tank (1ml).  Balance error was 0.01 g, except for samples over 200 g for 
which a larger scale was necessary, invoking an error of 0.1 g.  There is an additional error on vesiculated 
samples, as in order to avoid permeability and porosity issues samples were film-wrapped prior to 
submertion, giving a slight over-estimation in volume (in the order of 1  cm3).
The vesiculation fields in figure 3.14 are derived assuming the clasts were derived from the same 
andesitic magma with a density of 2.56 kg m-3 (christenson, 2000; Johnson and olhoeft, 1984). 
Vesiculation fields are defined by percent volume, assuming a vesicle mass of 0.00 kg m-3.
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PRNg6-02 PRNg6-03 PRNg6-04
Sieving error 0.10% 0.20% 0.10%
Sample type Unimodal, Poorly Sorted Unimodal, Poorly Sorted Unimodal, Poorly Sorted
Textural group Sand Sand Sand
Sediment name Poorly Sorted Fine Sand Poorly Sorted Very Coarse Sand Poorly Sorted Very Coarse Sand
Figure 3.13 results from dry sieving
tABle 3.2 summAry of grAdistAt AnAlyses 
66
clearly there is a large range in particle density throughout the deposit, ranging from juvenile material 
with very low vesiculation through to pumiceous blocks with 80% vesiculation.  reddened agglutinate 
was present throughout the flow, concentrated in the surface deposits of proximal to distal parts of 
the flow.  figure 3.13 indicates that greater vesiculation is found in smaller particle sizes, or rather 
that vesiculated material was more likely to break into smaller pieces during flow.  However, without 
a greater sample size this cannot be statistically proven. 
3.1.7  Internal Flow Features
While very few internal sedimentological flow features were observed within the flow the park 
restrictions did not allow detailed study.  The most obvious feature was the distinct difference between 
the fill material represented by sample prng-03 and the overlying clast-supported gravel to boulder 
grade material represented by prng6-06.  These two samples were taken from the same locality, 
separated by 1m of vertical distance from the base of the channel to the top of the levee.  The 
boundary between the fines-rich matrix supported sand and the overlying levee material was distinct, 
with the grading transition occurring in less than 100mm of vertical distance. The general profile of 
the flow was broadly in agreement with the analyses conducted by lube et al.(2007) on the other 
nearby 1975 pdcs.
Figure 3.14 mass plotted versus volume for each sub-sample within prng6-01, prng6-05 and prng6-06.  trend lines 
are added for calculated vesiculation percentages from a uniform source magma, assuming a vesicle mass of 0.
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3.1.8  Summary of field analogue potential
firstly, the depositional mechanism represented by the ngauruhoe deposits is not that of a ‘typical’ 
density stratified current relevant to ignimbrite forming pdcs. The ngauruhoe deposits are very 
small volume, short run-out and (in places) highly channelised, with relatively low fines content and 
relatively high particle density.  They are inferred to have very rapidly deposited with the vertical 
deposit structure more accurately recording the current stratigraphy than may be assumed in other, 
more sustained or large-scale pdcs.  These conditions make the 1975 ngauruhoe deposits ideal for 
comparison to laboratory flume experiments as part of a more general study of dense granular flow.
The data collected in this fieldwork give a basic set of parameters which may be used as baselines 
in more generalised numerical and analogue modelling attempts for small volume flows.  The data 
gathered on density and particle size variations have been used (although not exclusively) to inform 
the materials chosen for use in the laboratory experiments later in this work.
The channelisation of flow Vi provides several distinct features to reproduce, and may assist in 
constructing more generic pdc models; as noted by numerous authors (druitt, 1998; sohn et al., 
2005). many pdcs exhibit greater run out than may be predicted by accepted frictional systems; 
channelisation is believed to be a significant factor in many cases. As such, ngauruhoe flow Vi is an 
interesting example, exhibiting both channelised and non-channelised behaviour.
flow Vi has a geometry which lends itself to modelling, and the samples collected allow for a broad 
approximation of the flow material to be reconstructed should the opportunity arise in the future. 
furthermore, a high resolution dem has been generated by the Volcanic risk solutions group at 
massey university, new Zealand, offering considerable potential for future numerical modelling.  
3.2  Experimental Materials
A variety of materials have been used in the various analogue experiments.  The first phase of experiments 
utilised 90 μm diameter silica sand. in order to use a material with more uniform characteristics (i.e. 
density, diameter, roundness, sphericity) the subsequent experimental phases moved to using silica 
and ceramic beads of various diameters in order to assess the impacts of varying size, shape and density 
within a charge.  A full breakdown of experimental material properties is provided in Appendix 
c.  Bead grain size analyses were provided by the Quality control laboratory of sigmund lindner 
gmbH using camsizer apparatus, while the lA60 sand analyses were carried out by Klinkmuller et 
al. (2008).
3.2.1  Sand
The sand used in these experiments is a 200 μm diameter coloured silica sand used widely in sandbox 
modelling.  These sands were analysed by Klinkmüller et al., (2008) and shown to have the properties 
outlined in table 3.3
The variability in grain shape suggested in table 3.3 can be more clearly visualised using electron 
microscopy to image individual grains (figure 3.15).
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The large range of grain shape is a significant feature of this sand as a modelling material, as angular 
materials have significantly higher friction coefficients than rounded materials (mair et al., 2002). 
figure 3.15 shows that the lA60 sand has relatively good level of size-sorting but the mean particle 
aspect ratio of 1.492 (Klinkmüller et al., 2008) means that the irregularities in roundness are significant. 
This makes numerical modelling of the sand behaviour in a granular flow environment potentially 
challenging, due to the size and shape sorting demonstrated in granular systems (see chapter 2).
3.2.2  Silica glass beads
Various diameters of silica beads have been used throughout the analogue series of experiments. 
small beads have acted as bulk-flow material with larger beads being included to investigate Bne and 
rBne sorting effects.  large silica beads are used in these experiments to act as a crude pumice clast 
analogue (material properties summarised in table 3.4). Assessment of the effects of size segregation 
Figure 3.15 electronmicrographs of a range of lA60 sand. The relatively good sorting is in contrast to the high variability 
in grain roundness seen in a), with rounded (b), angular (c) and subangular (d) examples of grains.  from Klinkmüller et 
al., (2008)
tABle 3.3 properties of lA60 sAnd (after Klinkmüller 
et al., 2008)
Grain Shape
Aspect Ratio 1.492
Angular % by mass 47.95
Subangular % by mass 42.85
Rounded % by mass 9.19
Mean grain size (μm) 205
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in these flows is permitted due to the identical particle density (2500 kg m-3) and similar bulk density 
(1470 kg m-3 in the 1.00-1.20 mm diameter range beads, 1510 kg m-3 in the 0.20-0.30 mm diameter 
range).
in the early experiments metallic coloured beads were used so that point lighting would enable 
easy identification of individual beads. However matt-finish beads were used in internal geometry 
experiments  in order to ensure even colour in section photographs.
These beads are specified as having a roundness >95% (short a, (see figure 3.17), and grainsize 
distribution analyses (figure 3.18, figure 3.19) demonstrate the very tightly controlled size range in 
a typical sample.  
Figure 3.16 grainsize analysis of lA60 sand, generated from data in Klinkmüller et al., (2008)
70
Figure 3.17 micrographs of the four principle bead types used in the experiments. a) 1 mm diameter silica, b) 250 micron 
diameter silica, c) 1 mm diameter ceramic, d) 250 micron diameter ceramic
tABle 3.4 properties of eXperimentAl BeAds
Type Diameter (mm ) Specific density (kg/
m3)
Bulk density (kg/m3) Sphericity PDC analogue
Glass 1.00-1.20 2500 1470 >0.95 Pumice
Glass 0.20-0.30 2500 1510 >0.95 Pumice
Ceramic 1.00-1.20 6000 3720 >0.99 Lithic
Ceramic 0.20-0.30 8000 3852 >0.99 Lithic
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Figure 3.18 grainsize analysis of 1.0 mm diameter glass beads.  data provided by camsizer analysis carried out at 
sigmund lindner gmbH
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Figure 3.19 grainsize analysis of 250 micron diameter glass beads.  data provided by camsizer analysis carried out at 
sigmund lindner gmbH
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Figure 3.12 grainsize analysis of 1.0 mm diameter ceramic beads.  data provided by camsizer analysis carried out at 
sigmund lindner gmbH
3.2.3  Ceramic beads
ceramic beads have been used in various experiments to act as analogues for lithic particles, and to 
more generally assess the effects of density settling in these flows (6000 kg m-3 specific density, 3720 
kg m-3 bulk density), The exceptionally high cost of these beads precluded their use in all experiments. 
These beads are specified as having >98% roundness (figure 3.17).  typical grain size distributions are 
shown in figure 3.20, figure 3.21.
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3.3  Phase 1: 2D Analogue Flume
3.3.1  Objectives
Attempts at generating a detailed numerical model of granular flow are dependant on having detailed 
data on flume and flow material properties.  in addition, it is difficult to truly assess the validity of 
a flow model purely on the basis of the depositional surface geometry; initiation mechanism, flow 
velocities, flow geometry, and sedimentation rates are all significant contributors to the flow motion. 
early investigation with a very simple numerical model demonstrated that it was possible to generate 
very similar topographies with quite varied flow dynamics.
in order to investigate these effects, and permit the generation of a sophisticated numerical model a 
simple analogue flume experiment was designed (herein referred to as flume A).  The design of the 
flume was to serve several requirements:
1. Allow direct comparison with the work of denlinger and iverson (2001)
Figure 3.21 grainsize analysis of 250 micron diameter ceramic beads.  data provided by camsizer analysis carried out at 
sigmund lindner gmbH
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2. Allow the investigation of particle motion in cross section
3. permit the study of varied flow parameters such as flow material, release mechanism and flume 
basal friction
A perspex-walled flume was constructed, 450 mm long 45 degree slope, transitioning to a horizontal 
runout at a point break in slope, measuring 100 mm wide.  The transparent perspex was used in order 
to permit visual observation of the flow and deposit edge.  The flume was fitted with an interchangeable 
release hopper – both vertical lock-gate and raised drop-chute designs were constructed.  The charge 
is placed in the hopper and released by removal of a restraining gate.  The flow is recorded using high 
speed video capture., and the deposit recorded by much higher resolution digital stills photography. 
Various coated baseplates can be added to the flume to vary the basal friction behaviour.
due to the small frame size of pAl-i specification video (625 lines) separate cameras were focussed 
on different parts of the flow to gain a reasonable image quality, or separate runs were carried out with 
the camera focussed on a specific region of flow.  digital still photographs were taken before and after 
each run to give a detailed record of initial charge and final deposit geometry.  in editing sound queues 
were used to ensure frame synchronisation with experiment run time in video sequences where the 
release gate was out of frame.
3.3.2  Procedure
The charge for each experiment is defined by volume accurate to 0.1 cm3.   charge volumes vary from 
100 – 500 cm3.  This charge is added to the hopper either as a single unit, or carefully sifted in as 
coloured layers according to the experimental requirements.  experiments were carried out in a room 
with constant 35% humidity, with materials stroed in open containers at room conditions for at least 
72 hours before use.
The charge is photographed, and the video camera checked for position and focus.  The gate is 
manually released and the camera activated.  The resulting deposit is photographed, and the flume 
can then be cleaned and reset for the next run.  if friction pad bases are used these can be fixed to the 
flume base using tape.  
3.4  Phase 2: 3D Surface Topography
3.4.1  Objectives
following the results of the analogue experiments carried out in flume A it became necessary to 
redesign the flume and experiments to look at how particle parameters effect the surface topography 
of the final deposit.  polymict charges appeared to produce significant sorting features, and the 
assumption that the flume could act as a 2d analogue was challenged by apparent lateral sorting. 
The flume for the second phase (herein referred to as flume B) was designed to be wider in order to 
better evaluate the sidewall friction effects seen in the first flume, and with a smoother transition from 
slope to runout to reduce the apparent hydraulic jump effects observed in flume A.  it measures 150 
mm wide, with a longer shallower slope, longer runout and a 150 mm radius curved transition to the 
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runout surface in order to reduce the hydraulic jump effects.  By focussing on the deposit topography 
the necessity of using perspex was removed, enabling a move to wood construction and the associated 
reduction in electrostatic effects on the flow materials.  
3.4.2  Procedure
each charge is measured by volume accurate to 0.1 cm3.   charge volumes vary from 100 – 1000 
cm3.  The hopper is then filled with either a monomict charge or well mixed polymict charge.  By 
mixing polymict charges in the hopper any sorting demonstrated in the deposit can be inferred to 
have occurred during flow or deposition.
The charge is photographed, then the lock gate is released, and the subsequent deposit is photographed. 
A steel wire probe is used to measure deposit thickness.  A network of sample points spaced at regular 
intervals give a basic topography, with extra sample points added as necessary to account for unusual 
features, or feature details which sit between sample points.
3.5 Phase 3: 3D internal geometry
3.5.1  Objectives
probing and dissecting the earlier polymict experiments clearly demonstrated that complex internal 
geometry had developed.  in order to investigate these features, a process modified from structural 
sand-box modelling was adopted.  By setting the deposit in gelatine then slicing the block a series of 
stacked profiles through the deposit allow for a 3d reconstruction.
early experiments in this phase used the same flume as in the 3d topography experiments in phase 2 
(flume B).  later experiments were carried out in a new flume (herein referred to as flume c) designed 
to make the experiments more closely analogous to pdc.  The slope angle was lowered to 35 degrees, 
and a more gentle 600 mm radius curve to the runout was fitted. The runout angle of 5 degrees was 
a compromise; designed to encourage overpassing of subsequent pulses and charges, whilst keeping 
runout distance within the flume length limit of 2 m. This angle also acts as an analogue for the 
runout angles demonstrated on volcanic slopes (figure 3.1).   in addition to this a low friction coating 
(tigerbase®) is applied to the flume walls and base to ensure easy removal of set packs.
3.5.2  Procedure
The charges for these experiments are defined by mass using balances accurate to 0.1 g.  charge volumes 
vary from 300-1500 g, with individual component materials making up predetermined fractions of 
that total.  The flume is assembled using petroleum jelly as a water-tight sealant between sections, and 
the charge is placed into the hopper and levelled.  An alcohol based antistatic hydrophobic solution is 
wiped on all flume surfaces one minute prior to the lock gate being released. This ensures the solvent 
has evaporated before the charge is run, while the antistatic properties ensure electrostatic effects on 
particles are minimised.  sequential charges can be released into the flume by removing and cleaning 
the hopper, replacing and refilling it.  following release of the charge(s) they are photographed, and 
the deposit is set the deposit prior to slicing.  once set, removable flume sides allow the resulting 
block to be extracted and moved to the slicing apparatus.
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3.6  Setting procedure
The pouring of gelatine solution into the flume has clear potential to disrupt the deposit.  for this 
reason each run was packed with extra material to behave as a protective layer onto which tissue paper 
is layered to maintain a coherent upper surface onto which the solution can be carefully poured.  The 
addition of the protective packing layer is a delicate process as some surface structures are at or near 
the angle of repose of the materials, leading to low stability.  in addition, even very small drop heights 
(~30 mm) are sufficient to give packing material enough momentum to penetrate the loose deposit 
surface.  Various packing materials were experimented with:-
a) initially 60 μm diameter silica sand was used, but proved to have a significantly faster setting time 
than the larger beads. This led to difficulties in removing the pack from the flume, and then in slicing 
the deposit.  subsequent slices also suffer from delamination problems at the contact between the 
material types. 
b) 250 μm beads were used in several cases.  These are the same as those used in the deposit so it 
eliminates differences in setting time or delamination of the resulting pack.  The cost of  beads is a 
significant consideration.
c) 200 μm sand has a similar drying rate to the 250 μm beads.  The low cost and ability to use large 
quantities provides a very stable pack for slicing.  This enables slicing intervals to be reliably achieved 
at 10 mm thicknesses even in packs with high concentrations of 1mm diameter beads.
using spherical beads leads to packing and porosity issues which can impact upon the effectiveness 
of penetration of the setting agent; the approach used was adapted from modelling techniques used 
in sand based materials which do not suffer from the same problem.  This unavoidable issue leads 
to an unpredictable setting which, in some cases, results in large regions of the deposit remaining 
unbonded. This leads to loss of the pack as it is removed from the flume. This resulted in an average 
30% failure rate on run setting.  evolution of the gelatine solution recipe and packing technique 
reduced this from an initial 50% to near 15% in the later stages, with the final version comprising a 
ratio of 1.5 litres of boiling water to 350 ml of dry gelatine powder. Within the first two hours of the 
solution being added it is necessary to top up the pack with more solution as it impregnates.  After 
approximately 20 hours the side walls of the flume are removed, and the tissue paper carefully lifted 
to remove any overlying remaining gelatine.  A blade is carefully run under the pack before transfer 
to the slicing apparatus.
3.7  Slicing
The slicing apparatus evolved somewhat during the experimental run.  The initial model comprised a 
running wire slice.  This caused vertical stress on the pack which tended to increase delamination, and 
smeared material down the slice faces.  The final incarnation of the slicer utilised a vertical stainless 
steel blade which significantly reduced these issues. early runs using 90 μm packing sand were able to 
achieve slice thicknesses down to 15 mm (10 slices from each pack).  use of 200 μm beads as packing 
materials brought potential slice thickness down to 10 mm (15 slices per pack).  
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3.8  Scaling
3.8.1 Dimensional analysis
comparison of analogue models to real-scale phenomenon is a non-trivial concern.  if you wish to 
shrink the physical dimensions of a system but maintain its geometrical similarity to the full scale 
system, then conditions and measurements must be scaled in kind.  dimensional analysis allows 
these calculations to be carried out, by assessing complex systems in their most simple form and then 
permitting quantitative calculations to be based upon them.  The Buckingham ∏ theorem used in this 
paper to perform dimensional analysis relies on defining the parameters which control the behaviour of 
the modelled system.  Vitally, dimensional analysis is able to deal with problems in which the equations 
and boundary conditions are not fully accepted or understood.  This is particularly important as we 
are dealing with (1) poorly constrained granular physics (see chapter 2.2) and (2) pdcs and debris 
flows which have wide ranging and in some cases poorly constrained flow parameters.
The basis and methods of Buckingham ∏ theory are well described in sonin (2001). in order to 
perform dimensional analysis we must first isolate the important parameters.  All physical properties 
can be defined in terms of the 7 base quantities (i.e. dimensions) of length, time, mass, temperature, 
current, number of elementary particles and luminous intensity.  for the purposes of describing the 
properties of geophysical and laboratory flows the only ones we need consider are length (l), time (t) 
and mass (m). using square brackets to define ‘the dimension of ’, we can eliminate discussion of units 
and deal purely with magnitude of these dimensions, and hence state that:
Where l, t and m represent the dimensions of length, temperature and mass without any arbitrary 
unit system.  We can now use these base quantities to form derived quantities. for example, density 
is defined as r=m/v and has the dimension of [ml-3].  it follows that if we transform from these 
dimensionless parameters to a system using Système International (si) units then density is defined by 
units of kg m-3.  
The principal of the ∏ theorem is that for a given system with n variables and k dimensions, the 
system can be described by n-k dimensionless numbers.  different systems which share the same 
dimensionless magnitudes can be considered equivalent.
The experiments are designed to replicate the conditions in a grainflow at the base of a density 
stratified pdc.  cohesionless flows occur as true grainflows where interstitial fluids are unimportant, 
and modified grainflows (lowe, 1982) where the flow is modified by either a pore fluid or over-riding 
current.  two important simplifications apply in our parameterisation of this scaling:
We ignore evolution, addition to or removal of flow material during transport (effects of 1. 
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m M
=
=
=
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processes such as particle collisional interaction, exsolution and vesiculation, deposition, 
erosion and entrainment of underlying substrates, and addition of material from over-riding 
turbulent currents)
We assume perfect inelastic particle collisions2. 
This complete set of parameters can be simplified prior to commencing with dimensional analysis. 
We narrow this down to an independent set by eliminating variables which are dependant on those we 
already have. for example, if we know flow runout and velocity, we are able to calculate emplacement 
time and can exclude it from further analysis.  equally, we are able to calculate the fluid volume 
fraction (φf) from the solid volume fraction (φ) by φf=1-φ .  
The shortened list of physical parameters is summarised in table 3.5, along with a number of 
dimensionless parameters known to usefully describe and scale geophysical flow systems (iverson and 
denlinger, 2001). The definitions of these numbers are discussed later in section 3.8.2.
of these variables we select runout length (l ), particle density (ρs) and flow velocity (v) as repetitive; 
that is, we can use their dimensions to define the dimensions of any other variable.  in order to use 
these parameters we must define their dimensions in terms of M, L and T.  
We now combine these to define our dimensionless П parameters.
Vertical distance travelled
We now consider the dimensions of these parameters.  H is given an exponent of 1,  and in order to 
get this into a dimensionless form the exponents must sum to 0.
 1+a-3b+c=0 for l
 b=0 for m
 -c=0 for t so c=0 
substitute values for b and c in to the equation 3 term for l
( ) , , ,sf H H l vr= . [3.3]
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 1+a=0 so a=-1 
Therefore 
This same process can be applied to the other variables
Flow thickness
This follows the same dimensions as height scaling, therefore
Physical parameters Symbol SI Units Dimension Experiments Debris flow†† PDC††
gravity g m s-2 LT-2 9.81 m 9.81 m s-2 9.81 m s-2
Runout l m L 0.8 - 1.2 m 3 -10 km 2 – 100 km
particle density rs kg m
3 M L3 2500 - 6000 1000 – 3000 500 – 3000
fluid density rf kg m
3 M L3 2 2 2
particle diameter Ø m L 250 μm – 1 mm 1 μm – 3 m 1 μm – 0.1 m
solid volume fraction f - - 0.55 – 0.64 0.5 0.5-0.95
flow thickness d m L 0 - 2 cm 0 – 5m 0 – 10m
flow velocity v m s-1 LT-1 2 0 – 30 0 – 120
internal friction angle j º - 25-28 28-42 25-50
Vertical distance travelled H m L 0.4 - 0.5 m 200 – 2000m 0.5 – 10km
Depositional slope angle qr deg - 5 0 - 30 0 – 30
cohesion Y Pa [ML-1T-2] 10 – 100 ~10** – 100,000 2000 – 100,000
particle roundness R - - 0.95 01 – 0.9 01 – 0.9
fluid viscosity† μ Pa s ML-1T-1 1.78 × 10−5 1.78 × 10−5 1.78 × 10−5
Dimensionless parameters
Savage number NS - - 0.15 - 0.9 0.1 0.001
Bagnold number NB - - 2 x 105 4 x 108 9 x 105
Friction number Nf - - 5 x 105 4 x 109 9 x 108
Darcy number‡ ND - - 1.3 x 10-6 2 x 10-8 3 x 10-7
* inferred from Schellert 2000 and Soria-Hoyo et al., 2008.
** Fiorelli and Wilson 2004
† PDC values assume air at 15º C. Values are likely to be higher in ash laden flows (Fisher, 1966)
†† Representative values of large and small flows, from Iverson and Valance (2001), using the Elm Rock avalanche and Mt St Helens PDC 
data, in turn compiled from Hsu¨ , 1975, and Wilson and Head, 1981; Kuntz et al.,1981; Hoblitt, 1986.
‡ Based on estimated permeability values from Bear, 1972
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therefore
Particle Density 
 -3+a-3b+c=0 for l
 1+b=0 for m so b=-1 
 -c=0 for t so c=0 
a=0
Therefore 
Particle diameter
follows the same dimensions as height scaling, therefore
Solid volume fraction
This parameter has dimensions of unity, resulting in
Internal friction angle
This parameter also has dimensions of unity, therefore
( ) , , ,f f sf l vr r r= [3.8]
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Runout slope angle
This parameter also has dimensions of unity, therefore
Cohesion
 -1+a-3b+c=0 for l
 1+b=0 for m, so b=-1 
 -2-c=0 for t, so c=-2
Therefore a=0
Roundness
This parameter has dimensions of unity, resulting in
Viscosity
 -1+a-3b-c=0 for l
 1+b=0 for m so b=-1 
 -1-c=0 so c=-1 
Therefore a=-3 
6 jP = [3.15]
7 rqP = [3.16]
( ) , , ,sf l vrY = Y [3.17]
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table 3.2 summarises the dimensionless pi numbers 
and the parameters which they analyse (gravity is 
not assessed as it is constant). figure 3.22 plots the 
approximate ranges for the scaling parameters ∏1 to ∏10, 
with debris flows represented by the red range bar, pdc 
by blue and the flume experiments in green (original 
data and charts provided in Appendix B).  for most 
parameters the flume experiments represent a smaller 
extent of variation, but in a region within the extents 
of the geophysical flow examples.  These imply that the 
experiments are suitably scaled for at least part of the 
range of geophysical flows.  Three parameters bear more 
careful comparison.  ∏8 representing scaled cohesion 
sees an experimental range in line with that for debris 
flows, but very far from the pdc range.  This is largely 
due to the high cohesion of ash-grade particles.  The flume experiment flows are largely cohesionless. 
∏9 assesses particle roundness, and the spheres used in the flume are more round than any particles 
you would expect to find in geophysical flows.  Baxter et al. (1999) demonstrated that grain shape 
has at least some part to play in granular sorting mechanisms, so any granular sorting mechanisms in 
the flume may be expected to be retarded - albeit to a small degree - in geophysical systems.  finally, 
∏10 assesses viscosity, and the experimental range can be seen to be somewhat higher than that for 
pdcs, and only matching the extreme cases of debris flows.  This scaling is largely effected by runout, 
and it may be inferred that the higher ∏10 values demonstrated by the flume are as a result of the low 
cohesion, and greater permeability.  fluidisation, and the associated increases in pore pressure (and 
reduction in cohesion) lead to long runouts - observed in both landslides and pdcs.  The flume 
experiments are highly collisional, with no significant pore pressure to enable dilation and increased 
mobility, and hence display a correspondingly low runouts, resulting in high dimensionless viscosity.
3.8.2 Other dimensionless parameters.
table 3.1 included a range of dimensionless parameters already understood to describe and scale 
geophysical systems (also outlined in equations 2.1, 2.2., 2.3 and 2.4).  more specifically, the 
dimensionless parameters quoted are those proposed by iverson (1997) to quantify the relative 
importance of the four categories of forces which dominate granular flows; collisional, viscous, 
frictional and effects due to pore pressure. 
The dimensionless Bagnold number (equation 2.1) is important for distinguishing the various 
Scaling parameter
∏1 Vertical distance travelled
∏2 flow thickness
∏3 particle density
∏4 particle diameter
∏5 solid volume fraction
∏6 internal friction angle
∏7 depositional slope angle
∏8 cohesion
∏9 particle roundness
∏10 viscosity
tABle 3.6 summAry of 
dimensionless scAling 
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contributions of grain collision and viscous stresses in steady, uniform shear flows as assessed in 
Bagnold’s experiments (1954). NB ≤ 40  indicate a ‘macroviscous’ system with normal stress  and shear 
stress  in the bulk material being  proportional to  shear rate. NB > 450 indicate a collisional regime 
with normal and shear stresses proportional to  shear rate.   f* represents the closest possible packing, 
and therefore maximum extent of solid volume fraction.  grain concentrations in pyroclastic flows 
are unknown, but values for f in the majority of debris flows appears to be greater than 0.5 (iverson 
and denlinger, 2001).  The NB values for the experiments demonstrated in table 3.1 indicate similar 
scaling to pdc for the laboratory experiments, missing the debris flow field by several orders of 
magnitude.  However, comparison to both systems is - in terms of defining the flows as collisional or 
viscous - valid, as all three are very much greater than the collisional-viscous transition (NB=450).
The savage number (equation 2.2) represents the ratio of inertial shear stress associated with grain 
collision to shear stress associated with friction and loading of the granular mass (savage, 1984; savage 
and Hutter, 1989; iverson, 1997), so acts to distinguish between collision and friction effects.  At NS 
> 0.1 collisional behaviour becomes dominant.  The values for NS demonstrated in table 3.1 indicate 
that the flume experiments are more collisional than either the pdc or avalanche examples, but it 
should be noted that small variations in the internal friction angle of the material are able to bring the 
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Figure 3.22 dimensionless scaling equivalency of the parameters ∏1 to ∏10, with debris flows represented by the red range 
bar, pdc by blue and the flume experiments in green
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values for the experiments very close to those for the debris flow.  The lab experiments, however, are 
unable to approach the values typical for pdc.
fluidisation number (Nf ) (equation 2.3) describes the balance between frictional and viscous forces, 
and can very simply be defined by nB/ns, with transition between these systems occurring at Nf 
=2000.  The values shown in table 3.1 indicate that all three flows occupy the frictional regime, and 
are several orders of magnitude beyond this transition value (although the geophysical systems are 
several orders of magnitude beyond the flume experiments).
finally, the darcy number (ND) (equation 2.4) distinguishes between the effects of viscous flow and 
pore pressure, with a transition value in the range of ND=1000 - 6000.  The calculation of this value 
is problematic, as it requires an understanding of the hydraulic diffusivity of the unit during flow. 
major (2000) demonstrated that sandy-gravel debris flows with fines contents of <2 wt% typically 
have hydraulic diffusivity values in the order of 10-4 m2 s-1, while those with increased fines content 
(5 to 50 wt%) have diffusivities in the (remarkably similar) range of 10-6 - 10-7 m2 s-1.  using values in 
these orders for the geophysical flows and experiments suggests darcy number values for the debris 
flow and laboratory experiments very far below the transition to a pore-pressure dominated system. 
The darcy numbers for pdc are much closer to the transition, and are likely to be higher than 
calculated, due to the fluid viscosity values assumed in these calculations, which are probably much 
lower than might be seen in a highly ash-charged pdc (fisher 1966).  significant pore pressure 
effects will buffer grain interactions, and this is believed to be a significant factor in the otherwise 
anomalously long runout observed in some debris flows and pdcs (e.g. sparks, 1976, 1978; Wilson, 
1980; lube et al., 2009).  
3.8.3 Summary of scaling
in summary, it is apparent that the scaling of these experiments is highly suitable for comparison to 
geophysical systems where we find shorter runouts and low fines contents.  The flows are particularly 
suitable for debris flow-type deposition, and are closely analogous to the activity typified by the 
ngauruhoe 1975 deposits described in this chapter.  
it is worth mention that adapting the flume experiments to scale to bigger pdcs would have required 
moving to a much finer particle size.  unfortunately, there are a number of powder effects such as 
high cohesion which would make intiation from a static pile problematic, and working with powders 
also brings a suite of health and safety concerns which the laboratory facilities available were not 
equipped to adequately deal with.  furthermore, powders are unable to provide the particle uniformity 
required by these experiments for them to meet their original requirement of narrowing parameters 
for numerical modelling (i.e. particle roundness).  
The fact the scaling is closer to the small volume pdcs and debris flows does not preclude comparison 
with larger sustained currents.  The dense basal granular current of pdcs is an end-member within 
a stratified current, and the conditions in this region are in the extremes closest to matching scaling 
with the experiments.  While the experiments are unable to reproduce the longevity and overpassing 
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of these systems, the interactions between the granular lower flow boundary zone and substrate are 
very similar to the system represented by the flume experiments. We can therefore infer that the flume 
experiments reproduce similar interaction at flow contacts to sustained pdcs.
87
CHAPTER 4: INITIATION, FLOW AND 
DEPOSITION
4.1  Introduction
The depositional region of pdcs is dominated by granular flow interactions (see chapter 3).  in order 
to generate baseline data for further work a series of flume experiments are carried out to
assess the effects of sidewall friction, and whether narrow flume experiments are effective 2d 1. 
analogues for numerical modelling of deposition
investigate how simple flume geometries impact flow and deposition2. 
constrain the nature of flow initiation from static grain piles 3. 
discover whether initiation has a direct influence on the depositional characteristics of a 4. 
flow
investigate the effects of varying basal friction and its impacts on deposition.5. 
test different release mechanisms and their ability to effect deposition.6. 
evaluate whether these small flume experiments reproduce plug-like or aggradational 7. 
depositional mechanisms.
in order to investigate the behaviour of monomict charges at key points in an experimental flume, 
this chapter will present the results from a series of experiments conducted and recorded using high 
speed video capture.  The procedure is outlined in detail within chapter 2.4.  Both perspex and rough 
bases are used to investigate the effects of basal friction, and the release from a static pile is compared 
alongside release from a vertical drop chute.  coloured layers are used to investigate the deformation 
of the charge as it moves down the flume and deposits.  it is important to note that this flume design 
only allows side-wall observation of the flow, but experiments were lit to cast a shadow of the flow 
plan-view onto the backdrop.  This enables at least some basic observation of the 3d development 
of the flows in cases where no frictional base-plate is installed in the flume.  All experiments are 
conducted using 200 μm lA60 sand described in chapter 2.3.1.
4.2 Initiation
4.2.1  Lock gate release
initiation from a 250 cm-3 static confined pile (figure 4.1) demonstrates a number of interesting 
features.  The gate is clear of the pile after 0.12 seconds, and at this point the pile maintains its vertical 
unconfined face.  over the succeeding stills it is apparent that flow from the base of the pile leads to a 
destabilisation of the material riding above. 0.24 seconds after release the flow front has a flat steeply 
dipping surface.  over the next 0.20 seconds the flow elongates; the rear part made up of a seemingly 
coherent pile whose flow is restricted by the flow in front.  The frontal part of the flow develops an 
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Figure 4.1 de-interlaced images from 25 frames-per-second footage showing initiation of flow following release of a static 
pile from behind a vertical lock gate.
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undulating surface, and demonstrates thicknesses ranging between ~2 mm to ~15 mm at a peak-to-
trough wavelength of approximately 75 mm.
it is important to highlight the shadow of the flow cast on the backdrop.  Whilst the flow appears to 
initiate relatively evenly across the flume, side wall effects soon become apparent.  figure 4.1k (0.40 
seconds after release) clearly demonstrates a curved rear to flow, indicating flow retardation at the side 
walls.  This feature is maintained even when the most proximal material has begun to flow downslope 
(figure 4.1o)
An identical experiment using a larger (500 cm3) charge demonstrates similar behaviour, and grants 
a better insight into the behaviour of the front of the pile when the retaining wall is removed (figure 
4.2).  As the front basal region of the pile begins to move, the upper part collapses downwards onto it. 
By 0.24 seconds into the flow distinct ridges are appearing along the upper surface of the flow.  These 
ridges imply that some regions of the flow are moving faster than others, and are possibly indicative 
of active shear planes with extensional movement within the body of material.  
Figure 4.2 de-interlaced images from 25 frames-per-second footage showing the initiation of a 500ml flow following 
release of a static pile from behind a vertical lock gate.
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The most striking feature of these 
initiation events is that they appear 
to maintain relatively coherent units 
within the flow for some time.  There 
is very little particle movement evident 
in the upper regions of the flow, where 
the grains appear to remain stationary 
relative to others around them.  There is 
very little apparent inflation of the flow 
which would be necessary to generate 
true collisional grain flow throughout 
the media.  This tallies with the findings 
of faqih et al. (2006) who suggest 
inflation of these dense flows will lie 
between 10-30%.
As indicated in chapter 1.4 stress 
chains and random packing within a 
static granular pile can have a significant 
impact on the initiation of a pile. for 
this reason each experiment behaves 
somewhat differently.  figure 4.3 
demonstrates the differences between 
initiation of two identical charges.  it 
is clear that the geometry of initiation, 
and the resulting flow are significantly 
different.  By 0.24 seconds there is a 
clear second-order difference in the 
surface topography of the charge as it 
begins to collapse, with flow 2 showing 
more complex ridge structures.  By 0.60 
seconds they appear to have translated 
into a more uneven flowing surface 
than demonstrated in flow 1.  it must 
be considered that some of the variance 
in figure 4.3 (and between any time-
equivalent frames in other figures) is 
due to slight differences in the frame 
timing between the two experiments. 
recorded at 25 frames per second, the 
images may be out of synchronisation 
Figure 4.3  comparison between two identical charges and their 
development from intiation.  differences are interpreted as a result of 
both stress chain and random packing features outlined in chapter 1.4, 
and difference in frame synchronisation between the two experiments.
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by as much as 0.02 seconds.  While this is not significant in the timescales of feature development, 
it does introduce some error with direct comparison between frames.    The degree of variation due 
to this in comparison to that due to differences in the random packing and subsequent failure of the 
granular pile is not assessed in this work.
The apparent en-masse behaviour of regions of the sediment pile are difficult to see in any detail 
using homogenous charge material.  in order to better study the behaviour a crude stratigraphy is 
introduced.  dyed sand, identical to that used in previous experiments, is layered into the hopper. 
Any deformation of these strata will highlight motion within the charge (figure 4.4).
Figure 4.4 selected de-interlaced images from 200 frames per second footage showing the initiation of a 500ml flow from 
a static colour-stratified pile from behind a vertical lock gate
92
The stratified pile grants some insight into the initiation of the sand pile.  The downward deflection 
of the strata in the upper front of the pile (becoming evident at 0.16 seconds after release) shows the 
gravitational collapse of the unsupported free vertical surface.  The lower front has at this point already 
begun to flow downslope.  At 0.24 seconds it is apparent that the front of the pile has uniformly 
thinned and spilled onto the flume slope.  By 0.28 seconds the reduction in overburden pressure has 
enabled shear planes to develop in the remaining pile.  These normal-fault-like planes are first visible 
as breaks-in-slope on the upper pile surface, then as deflections in the stratigraphy in the pile.  By 
0.32 seconds these deflections are strongly sheared (figure 4.5).  After 0.36 seconds the resolution 
of the video images makes it difficult to discern accurately how the flow interior develops, but the 
topographic development indicates further small shear planes are generated toward the rear of the pile 
as it continues to move.
4.2.2  Increasing basal friction
to attempt to trigger more mixing in the flow the basal friction in the system can be increased by 
adding a baseplate coated in course sand paper (figure 4.6). A large stratified charge is used in order 
to gain information on the internal behaviour of the flow, and any differences which may be apparent 
in comparison to the lower basal friction model.   
The initial stages of the flow are very similar to those of earlier flows.  The front pile top collapses 
down onto the flow initiating from the base of the pile, with a progressive slump forming the front 
region of the flow.  However, it is apparent by 0.28 seconds that the majority of pile failure has 
occurred.  The high basal friction has prevented the rear of the pile from collapsing, and the shear 
Figure 4.5 interpretation of shearing regions generated during intiation of flow from a static pile
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Figure 4.6 selected de-interlaced images from 200 frames per second footage showing the initiation of a 500cm3 flow 
from a static colour-stratified pile from behind a vertical lock gate, running onto a course sandpaper base.
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planes which appeared to be instrumental in the collapse of the previous piles are not able to initiate. 
for the following 0.28 seconds there is a small scale saltating flow from the front of the remaining pile 
as the surface normalises down to the angle of repose of the material (figure 4.7). 
Although the precise detail in the flow section is difficult to ascertain from the video stills, it appears 
that the flow in motion is at least partially mixed.  There is an additional feature visible in this 
experiment which was not apparent in earlier ones; a diffuse saltating ‘bow-wave’ riding at the very 
front of the flow (e.g. near centre frame in figure 4.6g, not apparent in figures 4.1g or 4.4g). This 
implies that the rough basal surface is disturbing particles in the flow, causing increased mixing.
4.2.3  Drop chute release
lock gate experiments were able to generate flow when there was very low basal friction.  The 
significant increase in basal friction introduced in later runs had a strong retarding effect on flow 
initiation from a static pile.  in order to assess the mixing within a flow which initiates from a 
system with pre-existing momentum a simple drop-chute was devised.  charges are identical to those 
in earlier lock-gate release experiments.  to allow for the low visual resolution achievable with the 
video equipment, coarse layering is used.  Whilst this potentially obscures the resolution of internal 
deformation, it ensures that layers are clearly discernable in these drop-chute experiments where there 
is rapid vertical movement (figure 4.8).
unlike the vertical release gate, the drop chute generates significant charge activation throughout the 
release action of the gate.  As a result, by the time the gate is released fully, the rear part of the charge 
has reached the slope and begun to flow.  At 0.44 seconds it is apparent that the front of the falling 
pile lands directly onto the flow-front generated by the already flowing rear-charge material.  At 
0.52 seconds (figure 4.8n) interpreted and enlarged in figure 4.9) deflection in the strata indicates 
that shear planes are again forming to enable the extension of the flow, although the shearing region 
appears broader than those seen in the previous experiments.  in contrast to the shears formed in a 
Figure 4.7 a) apparently static pile after collapse of the main flow. b) a difference-comparison image of a) and a frame 
taken 0.2 seconds later.  dark areas indicate regions which have moved between these two frames, demonstrating the areas 
of the pile still actively flowing. This method will accurately represent flow from the static pile, but will underestimate flow 
in the uniformly grey flow on the slope.
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lock-gate release (figure 4.5) the shear zones are at much steeper angles, with the angles sitting in the 
range of 60-90 degrees from horizontal.  A highly convoluted surface has been generated between the 
initial sediment to make contact with the slope and the subsequent material, with the shearing zones 
appearing not to directly interact with this early material.
Figure 4.8 selected de-interlaced images from 200 frames per second footage showing the flow initiation of a stratified 
500 cm3 charge released from a vertical drop chute, running onto a course sandpaper base.
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The shear surfaces generated in these 
experiments can be directly related to those 
seen in field scale structures seen in granular 
sedimentary piles.  perhaps one of the best 
examples of this is in the failure slopes seen 
in scoria cones (figure 4.10).  While these 
do not typically collapse into pdc, the lapilli 
pile is closely analogous to the experimental 
pile; relatively monomict, with generally 
good particle sorting.  pdc deposits are more 
poorly sorted, but similar slope failures might 
be expected.  This would provide an excellent 
mechanism for retrogressive collapse of pdc 
deposits, remobilising to form secondary 
pdc - for example the remobilisation at 
mount st Helens, 1980 (rowley et al. 1981) 
and deposit derived pdc from pinatubo 
after the 1991 eruption (torres et al. 1996).
Figure 4.9 interpretation of flow structure 0.52 seconds after release from a drop chute.  The white dashed lines  indicate 
inferred shear regions.  
Figure 4.10 section through a scoria cone (el palmar, tenerife) 
demonstrating steeply dipping failure surfaces within the pile. 
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4.3 Flow
following initiation it is informative to analyse the development of the charge as it progresses towards 
the break in slope and subsequent runout.  figure 4.11 demonstrates two time/thickness profiles 
measured at fixed points down the flume as the charge passes.
The variations in the flow thickness persist through to the runout surface.  The most significant impact 
on flow behaviour occurs at the break in slope.  This sharp boundary between a slope supporting 
gravitational acceleration, and one triggering deceleration leads to significant thickening of the flow 
(discussed in the next section).  figure 4.12 demonstrates the behaviour of a 500 cm3 flow as it 
encounters the break in slope, as now described.
Figure 4.11 flow thickness at a) 150 mm down-flume of the release gate and b) 350 mm down-flume of the release gate 
(immediately before the break in slope). correlation lines between the charts relate the passage of the flow front and the 
rear of the flow, demonstrating that little or no lengthening of the flow occurred between these points.  irregularities in the 
flow thickness produced early in the flow are greatly smoothed out by the time the flow reaches the runout surface.
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4.4 Deposition
4.4.1 Low basal friction
figure 4.13 considers deposition of a flow derived from a released static pile such as observed previously 
in figure 4.1.  firstly it can be noted that the variations in flow thickness evident during initiation, 
have apparently become insignificant by the time they reach the break in slope (figure 4.12 and 4.13). 
looking at the region upslope of the break in slope throughout figures 4.13a-o the only clear change 
in flow thickness is the initial thickening as the flow head passes, then a continuous flow thickness of 
approximately 5mm, finally thinning again to 0mm as the tail of the flow passes.
Figure 4.12 500 cm3 flow propagating across the break in slope
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Figure 4.13 de-interlaced images from 25 frames-per-second footage showing deposition of a flow following release of a 
static pile from behind a vertical lock gate.
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it is notable that the transition from flow to deposition in this flume is very rapid, owing to the sudden 
break in slope.  This leads to a granular jump - a system very similar to a hydraulic jump typical of 
newtonian fluids (Boudet et al. 2007).  As flow passes on to the runout surface it thickens to a 7-8mm 
layer which decelerates as it moves across the runout surface.  The flow front velocities (figure 4.14) 
show a more complicated trend than might be expected; there is rapid deceleration as the front of 
the flow crosses the break in slope (a), followed by a period of constant velocity (b).  This is probably 
a result of the thickening of the flow layer, with the momentum of succeeding material preventing 
the further deceleration of the flow head.  By 0.62 seconds the material reaching the break in slope 
begins contributing more and more to deposit thickening rather than lengthening, and the flow front 
begins further deceleration (c).  After a rapid slowing the flow front extends slowly for another 0.15 
seconds (d), before finally coming to a halt (e).  The material continuing to flow across the break in 
slope is now actively thickening deposit.  figures 4.13h and 4.13i appear to reveal an aggrading layer 
as a forward saltating wave passes across the upper surface of the existing deposit.
Figure 4.14 graph plotting calculated flow front velocities between de-interlaced frames shot at 50 fps of deposition 
onto a flat horizontal runout surface.  dotted line indicates inferred velocities from in-shot deposit motion when the flow 
front moves out of frame. 
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The geometry of a flow is affected by the initiation pile, and activation along stress chains as discussed 
in chapter 4.2.1. individual failure slumps propagating backward through the pile result in pulses of 
flow being generated. As a result the precise internal geometry of the final deposit is likely to vary in 
parallel to the variations in thickness and spacing of these pulses within the flow.
The final deposit topography has notable breaks in slope, in contrast to the relatively thin and flat flow 
“topography” while in motion.  figure 4.13f demonstrates a relatively flat and smooth upper surface 
as the first flow material begins to come to rest, whereas the deposit topography evident in figure 
4.13o is composed of at least 3 major undulations.  These, as well as the apparent velocity differences 
at various points in the flume during deposition suggest information can be usefully gained from 
using stratified and coloured charges .
figure 4.15 shows the deposition of an otherwise identical charge to that used in the experiments 
shown in figure 4.13.  for the experiment shown in 4.15 the initial charge was stratified.  The 
pulses of colour within the flow, although mixed somewhat during motion down the slope, provide 
information on how bulk regions of the flow are behaving.  
it is possible to trace the movement of individual colour pulses as the deposit forms – for example the 
pale flow head contacting the runout plane in figure 4.15b can be seen to remain at the flow head 
throughout the rest of the experiment.  correspondingly, the dark region which flows directly behind 
this pale region maintains its relative position and outline throughout deposition.  This suggests the 
flow is moving onto the run out surface as a coherent plug-like flow, with very little mixing between 
regions, or deformation of the internal flow structure.  The thickness of the flow head does not 
significantly change between figure 4.15b and 4.15o; i.e. between active flow and deposition. The 
implication is that flow inflation (granular temperature) is not significant during these experiments. 
This explains the lack of mixing, as the space between the grains is small and therefore any turbulent/
chaotic particle motions will be minimal.
As the flow head begins to come to a halt (around 0.64 seconds, figure 4.15e), new flow behaviour 
becomes apparent.  The head of the flow demonstrates nothing other than plug-like behaviour through 
the sequence. However once this begins to slow, the material still passing from the slope to runout 
develops a series of stacked over-riding shears.  This is most clearly seen in the light-coloured pulse 
which is starting onto the runout in figure 4.15g and is subsequently buried by a darker unit which 
first arrives on the runout surface in figure 4.15i.  This thrust-like stack is clearly evident from the 
leftward-dipping interfaces between coloured regions in the deposit in the final frame (figure 4.15o, 
enlarged and interpreted in figure 4.16). 
The deposit suggests a series of inclined thrust features, associated with ridges on the surface of the 
deposit, and continuous across the width of the flume.  There are indications that the angle of these 
shear planes steepens as you move towards the proximal end of the deposit.  
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4.15 Image sequence from 25 frames-per-second footage showing deposit of a colour stratified charge onto a horizontal 
surface. charge is released from a static pile behind a vertical lock gate.
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4.4.2 Increasing basal friction
flow deposition with higher basal friction is significantly different.  As demonstrated previously 
(figure 4.6), lock-gate release only initiated flow in approximately half of the charge, the other half 
remaining at rest.  The resulting deposit is correspondingly reduced in volume (figure 4.17).
The sequence demonstrates not only the reduced flow volume reaching the runout plane, but also the 
effects of increased basal friction on this plane; the flow front comes to a halt far more rapidly and 
closer to the break in slope, leading to the following charge material to build up in a sequence of sub-
horizontal wedges, each dipping towards the slope (left of frame).
4.5 Interpretation
initiation from a static pile appears to be highly reliant on shear-failures (possibly along stress chains) 
within the resting pile.  following spalling of material from the front of the unconfined, unstable 
pile, ridges form which appear on the free surface as it begins to flow.  These appear to be related to 
underlying shears forming in the pile, and furthermore are preserved as undulations in the thinning 
flow, isolating individual micro-pulses within the charge.  This implies that internal deposit geometry 
(and surface features such as ridges) are at least partially (second order) dependant on initiation 
events.  if these shears are related to stress chains (which are products of random packing in granular 
piles), then there is a significant randomisation in the spacing and scale of features generated by such 
processes.
A course base restricts the ability of large semi-coherent regions to fail from the static pile, leading to 
a more continuous flow of grains from the free-surface of the deposit.  shear-failure of the pile is only 
evident in the early stages of initiation.  during flow a rough base retards grain motion in dense flows, 
resulting in significant proportions of the charge remaining on the slope and not reaching the runout 
plane.  However, the generation of a significant frontal ‘bow wave’ (e.g. fig 4.6h) suggests that the 
irregular surface causes more turbulent mixing when flow dilation is higher.
Figure 4.16 deposit of a colour stratified charge onto a horizontal runout after release from a static pile behind a 
vertical lock gate.  dashed lines mark inferred shear zones active at various stages during deposition after the flow front 
decelerated.
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small-charge drop flume experiments behave in a similar manner to static pile release experiments in 
this flume.  The charge impacts the flume slope, then proceeds to fail as a coherent static pile.  The 
extra vertical travel above the flume makes direct comparison of initiation speed difficult, but the pile 
appearance of the drop-chute experiments at 0.40 seconds appears similar to the static pile release 
Figure 4.17 image sequence from 25fps footage showing deposit of a 500 ml charge onto a course sandpaper horizontal 
runout.  charge is released from a static pile behind a vertical lock gate.
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at 0.20 seconds.  unsurprisingly, the flow generated from a drop chute is similarly developed at 
0.56 seconds to that from a static pile at 0.36 seconds.  This follows from the increased gravitational 
acceleration inherent within the drop-chute system.
As the flow accelerates downslope it thins, and variations in thickness become less evident.  on 
encountering the break in slope the flow undergoes rapid deceleration and thickening.  As the flow 
front passes along the runout it decelerates to a halt.  The material in the middle and rear of the flow 
continues to transition onto the runout plane, and rides over the deposited material as a series of 
stacked inclined sequences, separated by distinct shear zones.  The base and front of the flow are the 
first parts to come to a halt, with the proximal upper region the last.  This, interestingly appears to have 
some conflict with the pdc depositional models described in chapter 1 of progressive aggradation 
(Branney and Kokelaar 1992) and plug flow (sparks, 1976).  progressive aggradational deposition 
would simply aggrade from the bottom upwards, while plug flow would expect to freeze from the 
front backwards.  Both of these mechanisms appear to be at play simultaneously.  This appears to 
correlate to a depositional model proposed by schwarzkopf et al. (2005) to explain the deposits of 
block-and-ash flows at merapi, indonesia.  merapi stratovolcano is the most active volcanic edifice in 
indonesia, and is generally characterised by lava-dome activity.  small volume pdcs (e.g. between 0.1 
– 0.5 x 106 m3 during the 1988 merapi erupton episode (schwarzkopf et al. 2005)) are often created 
by gravitational collapse of these domes and spines, leading to it being the basis of the ‘merapi-
type’ classification proposed by Williams (1957) - see chapter 1, table 1.3.  The model proposed 
by schwarzkopf et al. to explain block-and-ash deposition describes a single flow made up of pulses 
which rapidly freeze from its front rearward (producing deposits which preserve the flow structure, 
similar to plug flow), and also from their base upward (similar to progressive aggradation) as a result of 
energy loss and a reduction in dispersive pressure.  The model proposes that subsequent pulses accrete 
progressively upslope, ramping against or overtopping earlier pulses.  considered as a whole the flow 
freezes from the distal end first, with each progressive pulse in the flow freezing from the base upward. 
This description appears to match almost precisely the mechanism observed and described in figures 
4.13, 4.15, 4.16 and 4.17.  it seems likely that this apparently anomalous depositional behaviour is a 
product of small dense flow behaviour.  The flume experiments are notably denser, and do not have 
the fluidisation present in exsolving primary pdc.  merapi-style block-and-ash flows  are comprised 
of dome-derived fragments which do not tend to reach the same levels of vesiculation observed in 
explosive volcanic events, or exsolve the same amount of gas, leading to lower fluidisation.
4.6 Conclusions
This phase of flume experiments demonstrate that complex behaviour can be observed within relatively 
simple flume conditions.  This preliminary sequence of experiments allows us to assess the validity of 
the flume and provide a basis for further numerical simulation. several key observations help address 
some of the questions posed at the outset:
The sidewall friction is significant and even narrow flumes demonstrate significant 3d 1. 
structure during flow, and hence presumably the deposit
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The flume design triggers transition from non-depositional flow to rapid deposition due to 2. 
the sharp break in slope.
failure of the static pile appears to propagate through shear-collapse associated with stress 3. 
chains in the randomly packed pile, and is therefore not repeatable.  The impact of this on 
overall geometry is, however, second order.
shears formed during intiation appear to be related to pulses within the flow and therefore 4. 
influence deposition
increased basal friction amplifies the separation effects on the runout, and therefore amplifies 5. 
the variations resulting from random packing in the original pile.
drop chute release generates structurally similar deposits to pile collapse, and introduces an 6. 
extra level of complexity in evaluating the development of stratification in charges.
charge deposition resembles aspects of both plug-like (sparks, 1976) and aggradational 7. 
(Branney and Kokelaar, 1992) behaviour, strongly analogous to the transport model 
proposed by schwarzkopf et al. (2005) for merapi block-and-ash flows.
These observations are vital in informing the design and implementation of future experimental work. 
some of the important issues are:
Any further flume experiments should be considered 3d models, and hence the deposit 1. 
must be considered in 3d.
The sharp break in slope triggers an artificial deposition, therefore any attempt to consider 2. 
more continuous pdc-analogue behaviour must use a smoother transition from slope to 
runout
reproducability of the initiation and flow during these flume experiments can not be 3. 
considered ideal, and therefore a further sequence of experiments must be carried out to 
consider the effects on deposit formation
complex 3d depositional structure must be considered, and subsequent flumes should be 4. 
designed to allow assessment of this structure
High friction bases will not be used in subsequent experiments in order to minimise the 5. 
effects of irregular pile collapse, and focus on sorting during flow. 
drop chute releases will be a secondary priority for future modelling, and work will focus 6. 
on simple collapse from static piles.
depositional behaviour in these experiments is unlikely to reproduce behaviour typical of 7. 
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sustained currents as a whole, although progressive aggradation appears to be a significant 
depositional process in the proximal region of the deposits.  The depositional mechanism 
of the flume may be closely analogous to behaviour in smaller volume merapi-type pdcs 
(‘type e’ pdc in the Branney and Kokelaar 2002 scheme, table 1.1).
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CHAPTER 5: DEPOSIT STRUCTURE AND 
SORTING EFFECTS
5.1 Introduction 
flume deposition experiments, and numerical models of geophysical systems, are often only considered 
in terms of the runout and thickness of the deposit produced (e.g. iverson and denlinger, 2001).  if a 
greater understanding of granular flows is to be achieved through use of polymict charge deposition, 
then it is important to gather a dataset of 3d depositional behaviour and sorting of polymict granular 
systems.  This, in conjunction with field-based observations of geophysical flow deposits will offer 
a level of ground-truthing which is yet to be realised in granular flow modelling (although well 
developed in other sedimentological systems, e.g. Waltham et al., 2008).  
5.2 Sorting and deposition
in order to further investigate the 3d behaviour of the flume experiments developed in chapter 4, a 
polymict charge was run.  This charge comprised large black (1mm diameter, 100 ml) and small green 
(0.25 mm diameter, 300 ml) silica glass beads (2500 kg m-3)to investigate the effects of size sorting, as 
well as large white ceramic beads (1mm diameter, 100ml, 6000 kg m-3) to observe the impact of size 
sorting - i.e. brazil nut effect (Bne) and reverse brazil nut effect (rBne) detailed in chapter 2.  These 
materials were selected to act as broad analogues for the three particle populations observed in many 
pdcs (and the samples gathered at ngauruhoe, see chapter 3) - dense lithic clasts (ceramic beads), 
and large and small less dense clasts to represent pumice clasts, and the ash/lapilli bulk-flow material 
respectively.   The charge was mixed by pouring the beds simultaneously into the hopper, followed by 
a gentle and very brief stirring.  Any greater agitation of the charge led to increased sorting through 
Bne and rBne effects. 
figure 5.1 shows an oblique view of the deposit formed by this charge and demonstrates several key 
features:
distal lobate accumulation of large black silica beads (Bne)1. 
lateral/marginal accumulation of large black silica beads2. 
proximal and basal accumulation of large white ceramic beads (rBne)3. 
The characteristics observed in these analogue experiments can be extrapolated to features observed 
in natural pdc deposits 
distal accumulation of large black silica beads similar to inverse grading of pumice clasts, 1. 
terminal pumice dams, and pumice swarms in pdcs
lateral/marginal accumulation of large black silica beads analogous to levee formation in 2. 
small volume pdc deposits (e.g. ngauruhoe, lube et al. 2006)
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Accumulation of white ceramic beads at the proximal base similar to normal grading of 3. 
lithic clasts, and their concentration in the proximal extents of pdc deposits.
A setting procedure (detailed in chapter 3.6) enables investigation of the 3d structure of deposits 
formed within the flume experiments.  This chapter will examine the range of deposits formed by 
two separate series of flume experiments (outlined in chapters 3.4 and 3.5).  The objectives of these 
experiments are :
to assess the viability of setting and sectioning to give useful 3d information on deposit 1. 
structure in flume experiments
to assess reproducibility of experimental results2. 
to investigate particle sorting in polymict charges3. 
results in this chapter are collated from experiments carried out in flumes A, B and c (detailed in 
chapters , 3.4.1, 3.5.1 and 3.6.1 respectively).
5.3 Surface Topography
due to the curved transition from slope to runout, different flume material, and lowered slope angle 
the deposit morphology is different to that seen in the previous flume experiments (see chapter 4). 
in order to quantify the flume behaviour, a large series of repeat experiments were conducted in order 
to understand the reproducibility of these experiments and the scale of perturbations caused by flow 
Figure 5.1 experimental deposit formed by a three-phase granular mixture released from a static pile.  The charge was 
well mixed in the hopper, so all particle sorting is a result of interaction during flow and deposition. inset, detail of crude 
sectioning showing the centreline internal composition
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irregularities etc.  
figure 5.2 demonstrates the outline of a typical monomict charge into flume B.  There is clear evidence 
of sidewall friction retarding the flow in both the flow front and rear.  By depth-probing at regular 
intervals along and across the deposit, then recording precise limits of the flow front and rear a good 
definition of the deposit shape in 3d can be rendered.  repeats of single experiment types demonstrate 
that the experiments are highly reproducible (figure 5.2, table 5.1). The 25-75 percentiles almost all 
reside within two grain diameters of the median value, although there are fairly wide ranging extreme 
values demonstrated towards the edge of the flume.   The outliers and anomalous data evident in figure 
5.2 are interpreted as being due to very fine sensitivity of the flume to horizontal levelling between 
runs.  Wedges were used to level the flume as accurately as possible but vibration during charge release 
is likely to have disturbed this in some situations.  The reproduceability of these experiments is inline 
with the conclusion in chapter 4 that the affects of initiation from random piles has only second-
order effects on the deposit topography.  The variation due to charge intiation, while second-order in 
controlling deposit topography is, however,  responsible for at least some degree of the variation seen 
in the error bars.
Figure 5.2 statistical plots demonstrating range of deposit thicknesses in 15 repeats of a single experiment (500 cm3 
monomict charge of 250 micron diameter beads from vertical release lock-gate) in flume B.
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The data for these experiments shows that even when including the outliers, the majority of standard 
deviations lie within 2 - 4 particle diameters.
Distance from break in slope 
(mm) -10 -5 0 5 10 15 20
St. Dev (mm)
Centreline 0.929 0.608 0.953 1.100 1.361 1.100 0.000
35.5mm from edge 0.582 1.227 0.725 0.626 0.977 1.150 0.400
Edge 0.884 1.052 1.129 1.294 1.122 1.257 0.136
St. Dev (particle diameters)
Centreline 3.096 2.026 3.176 3.667 4.538 3.667 0.000
35.5mm from edge 1.939 4.089 2.417 2.086 3.255 3.835 1.334
Edge 2.947 3.506 3.764 4.313 3.742 4.190 0.453
Mean St Dev (particle 
diameters) 2.661 3.207 3.119 3.355 3.845 3.897 0.596
tABle 5.1 stAndArd deViAtion VAlues for repeAt eXperiments sHoWn in 
figure 5.2
Figure 5.3 top-down view of a deposit formed by a 500 cm3 monomict charge in flume B.  grid lines are drawn at 35 
mm intervals across the flume width and 50 mm intervals along its length.  Break in slope is centre-frame.
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A depth profile in 3 dimensions of a single run within this dataset (shown in figure 5.3) demonstrates 
the symmetry of a typical deposit (figure 5.4).  The spacing of data points in these particular runs 
precludes definition of fine-detail surface features, but is a fair representation of the overall structure.
The deposits from these flume experiments are notable for their similarity regardless of variations 
in charge volume.  each deposit had a steep rear surface at the angle of repose of the beads (28°), 
concave to the centre.  This rises to a high ridge which is marked by local highs approximately 20mm 
from the flume sides, with lows at the flume edge.  The deposit then gently slopes at approximately 5 
degrees to the distal toe.  The surface on the distal face is marked by very slight ridges created by local 
flattening and steepening of the slope in ranges between 1 and 10 degrees.  These are inferred as being 
related to front features described in chapter 3.  The centreline deposit profiles of 100, 200, 300, 400 
and 500mm volume deposits are shown in figure 5.5.  precise points of deposit edges and maximum 
thickness are not plotted, so the extreme proximal and distal deposit slopes will tend to underestimate 
the true angle of the surface.
The figure 5.5 profiles support the depositional process observed in previous experiments (chapter 
4). The smaller charges have similar runout, and are not depositing immediately at the break in slope. 
This implies that deposition was triggered by the fact that the flow-front came to a halt.  The front 
and rear slopes of the deposit are very similar regardless of charge size. increasing charge volumes 
simply resulted in deposits with marginally longer distal reach, with the bulk of material depositing 
proximally, and producing taller piles.
Figure 5.4 3d surface plot of a single experimental charge (500 cm3, lock gate release, monomict 250 micron beads) in 
flume B.
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5.4  Particle Sorting
The sorting which occurs in granular flows is well studied, and discussed in chapter 1.5.  However, 
this work is specifically looking at the sorting in flume experiments and the ability of sorting during 
flow to recreate ignimbrite stratigraphies in deposits.  to ensure that sorting features are captured 
in the deposit, initial polymict charges are mixed to ensure the starting charge is unsorted.  All 
experiments investigating sorting are carried out using beads described in chapter 2.3 - silica glass 
beads (250 μm and 1mm diameters, 2500 kg m-3) and ceramic beads (250 μm and 1mm diameter, 
6000 kg m-3).  Both size and density sorting effects are assessed.  
in these sorting experiments the polymict charges are released as homogenised mixed charges.  mixing 
is carried out in the release hopper.  This is done by simultaneous pouring to the bead populations 
into the hopper, followed by a brief stirring using a spoon.  Any further agitation leads to sorting 
occurring within the charge before release.  once mixed it can be surmised that sorting effects seen in 
the final deposit occur as a result of real sorting within flow and deposition.
5.4.1 Size
The ‘brazil nut effect’ (chapter 2.7.1) suggests that large particles should become reverse graded in a 
deposit from a polymict granular fluid. A range of experiments were carried out using 250 μm and 
1mm diameter silica beads in order to investigate the ability of these short flume experiments to sort 
the particles, and how that sorting is preserved in the final deposit.
figure 5.6 shows a top-down view of two of these experiments, (250 μm beads in blue, 1 mm beads 
in black).  The difference between the two is likely due to a combination of;
differences in original charge mixing1. 
differences in flow characteristics, as outlined in chapter 32. 
electrostatic effects due to being run in rapid succession (see the ‘chains’ of particles in figure 3. 
5.6B)
The ‘chains’ formed at the distal extremeties of figure 5.6B demonstrate that there is probably at 
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figure 5.5  deposit profiles of 30 flume experiments in flume B, using bead charges of volumes 100, 200, 300, 400 and 
500 cm3.  sections are measured down the deposit centreline at 25mm intervals.
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least some elctrostatic effect at work in the flume.  This was minimised as far as possible by using 
wooden flume materials, and ensuring a controlled 35% humidty in the laboratory, however it is 
clear that even in these conditions at least some electrostatic effect was in action on the glass beads. 
These effects are minimised by using fresh charges in each experiment, and the minimising of contact 
and movement of beads before their use in the flume.  The fact that these electrostatic features are 
not present in figure 5.6A, and only in some particles of figure 5.6B demonstrates that it is an 
intermittent problem, and with only second order influence on particle behaviour.
While in some places the large beads are entirely absent, the large particles are clearly concentrated on 
the upper surface of the flow, but notably have gathered in several specific locations; 
the flow edges1. 
the central rear region2. 
the distal toe 3. 
The concentration of the large particles in certain regions of the upper surface is surmised to be a 
Figure 5.6 plan view comparison of two identical 500 cm3 polymict charges in flume B
A
B
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product of the flow motion as it comes to rest. for example, the concentration in figure 5.6b running 
across the deposit at the distal end would appear to be related to the geometry of a flow front, as 
discussed in chapter 3, the shape deliniating the surface expression of individual thrust fronts as 
shears develop in the deposit.
setting and sectioning of this deposit in 5b reveals the extent of Bne sorting.  figure 5.7 shows cross 
sections through the deposit; figure 5.7a at the edge of the deposit, and figure 5.7b at the deposit 
centre.  While there are some large beads in the centre of the deposit, the vast majority have migrated 
to the upper surface.  The internal deposit does not demonstrate any further structure.  The edge 
deposit has a more gradational transition in sorting more typical of normal grading in ignimbrite 
deposits.  The absence of this gradational change in the internal sections implies sidewall effects have 
been significant in the development of this feature.
The appearance of large particle sorting is somewhat different when flume c is used despite an identical 
charge.  As figure 5.8 demonstrates, the distal toe has only a small proportion of large beads on its 
upper surface.  in fact, this appears to be a result of saltation on the flume base; approximately 50 g of 
large beads in this run were recovered from the end of the flume.  The sloped smooth runout seems to 
have encouraged the frontal flow region to pass unhindered, with only the following collisional flow 
region losing energy sufficiently to come to rest on the runout channel.  The large particles quickly 
sorted to the upper front of the flow, and were not restricted by a break in slope as seen in flumes A 
and B.  As a result, the majority of large particles preserved in the surface of the deposit are towards 
the central region, analogous to the proximal surface rafts seen in figure 5.6. 
Figure 5.7 sections of the deposit edge from figure 5b, a) at the deposit edge, b) at the deposit centre.
Figure 5.8 plan view and central section of a 500 cm3 
polymict charge (identical to that in figure 5.6 and 5.7) run 
into flume c , large particles in orange.
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5.4.2  Density
to investigate density sorting in the flume a series of ceramic beads were used alongside the silica 
beads from earlier experiments.  The ceramic beads are of the same diameter as the silica beads to 
ensure that density sorting within the flow is considered separately from rBne effects.  due to the 
high cost of the ceramic beads these experiments were only conducted in flume c.
The deposit represented by figure 5.9 (100 cm3 of white ceramic beads, and 400 cm3 of blue 
silica beads) has a similar morphology to that seen in monomict charges, indicating that particle 
homogeneity has, in this case at least, had no noticeable effect on deposit surface topography.  in 
contrast to this, there is significant internal geometry highlighted by the polymict nature of the 
charge.  previous high speed footage has indicated that dense particles rapidly settle to the base of the 
Figure 5.9 edge to edge sequence of serial slices through a 500 cm3  charge containing 100 cm3 of white ceramic 
beads, and 400 cm3 of bue silica beads run into flume c. flow left to right. High concentrations of ceramic 
particles (white) are concentrated at the base of flow units, with the rear-dipping concentrations inferred to be related to 
individual ‘thrust’ fronts as the deposit built up (see chapter 4.4).
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flow (figure 5.10), so ceramic particle concentrations would be expected at the base of the deposit. 
While this is indeed the case in some regions (e.g. the central/distal region of slice h), there are striking 
internal concentrations of ceramic beads, frequently with dips back towards the slope.  These appear 
in some places to be slightly ‘smeared’ (e.g. slice c), and in other places across the flume develop 
undulose deformations (e.g. slice j).  These concentrations are frequently stacked upon each other in 
what appear to be dipped successions (e.g. slice e), and are inferred to be the internal representation 
of thrust-like stacks observed during the aggradation of these flume deposits (see chapter 4.4), in 
line with the schwarzkopf et al. (2005) model proposed as dominant in these experiments (chapter 
4.5).  This allows us to interpret individual pulse thicknesses in the deposit (5-10 mm) and the angle 
at which they sit on the underlying substrate (0-30 degrees).  pulse stacks as demonstrated in slice e of 
figure 5.8 indicate that the early pulses come in at low angles (0-5 degrees), with later thrusts forming 
at increasingly steep angles.
one of the striking features of the density separation evident in all of the experiments is the increased 
concentration of dense particles in the centre of the flume, with relative depletion at the sidewalls. 
This is clearly demonstrated in figure 5.9, where there are few white dense particles in slices a and p, 
Figure 5.10 single frame from 50fps video footage of a 500 cm3 mixed polymict charge (200 cm3 yellow vermiculite, 
300 cm3  green sand) 0.72 seconds after initiation from a drop-chute onto a rough basal surface (see figure 4.8).  rapid 
particle sorting is observed as the pile initiates to flow on the slope.  once the material has traversed 30 mm beyond the 
initial collapse pile front (e.g. figure 4.8l) it is fully segregated and behaving as a two layer flow.
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with increasing concentrations towards the centre of the deposit.
5.5 Interpretation
particulate sorting in these flume experiments is extensive, demonstrating Bne of large particles, 
with rBne sorting of large dense particles.  These patterns are similar to normal grading of lithic 
clasts, and inverse grading of pumice clasts in many massive ignimbrite units.  in addition, the lateral 
concentration of large buoyant particles may be analogous to the levees formed in small volume 
pdc - for example the 1975 deposits of ngauruhoe, new Zealand (lube et al. 2006).  levees of 
large particles in small volume pdcs can be seen to form in both confined and unconfined runout 
areas (see for example figures 3.4, 3.5 and 3.7).  Additionally these particles concentrate on the upper 
distal surface of deposits, often highlighting apparent flow pulses.  These may be related to rafts in 
ignimbrite units, or the terminal pumice dams at the distal toes of smaller volume pdcs (e.g. figure 
5.11). in contrast, the lithic particle charges tend to concentrate in the central proximal region of the 
deposit.
Vertical dense particulate sorting follows that expected by granular segregation, with dense particles 
settling to the basal region of flows and subsequent deposits.  These dense basal zones also appear to 
highlight individual thrusting/aggrading pulses in the deposit.  These further support the supposition 
that deposits within these flume experiments are accumulating in line with the model proposed by 
Figure 5.11 distal lobe front of a ngauruhoe 1975 flow.  Highly clastogenic surface, represented by sample prng6-01, 
while underlying material is typical of prng6-02 (see chapter 3.2.2). 
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schwarzkopf et al. (2005)(chapter 4.5).  
The patterns of density sorting laterally across the flume and deposit are inferred to be a product 
of the loss of flow energy at the edges of the flow as it traverses the slope.  As the flow front (which 
is depleted in dense particles) moves, it leaves a slow-moving trail of material in the corners of the 
flume.  These slow moving regions channel the following flow into the centre of the channel, leading 
to a concentration of dense particles in this region when polymict charges are run.  This would also 
account for the subsequent morphology of the deposit, with long ‘tails’ at the flume edges, and 
a relatively short deposit length in the centre line (figure 5.12).   This central region of the flow, 
rich in dense particles must also develop greater momentum than the bulk flow closer to the edges, 
perpetuating this pattern throughout the length of the flume.
5.6 Conclusions
setting and sectioning of flume deposits appears to be a very useful method to assess the 3d internal 
structure.  revision of the technique (described in chapter 3.6) allowed the section thicknesses 
to reliably be brought down to 10 mm when the largest particle sizes were used (i.e. 10 particle 
diameters).  The detail captured in these small scale experiments is quite striking in its resolution and 
detail, and certainly validates the use of this technique in the future.
in terms of experiment repeatability, the flumes are capable of producing self similar results when 
carefully managed.  They are strongly sensitive to slope, resulting in strongly asymmetrical deposits 
Figure 5.12 3d volume visualisation constructed from 2d slice thicknesses of a 500 cm3 charge.  long ‘tails’ of deposit 
are left in the corners of the flume, with a short deposit length in the centre.
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when this is not accounted for.  simple levelling of the apparatus before use using suitable wedges 
eliminates the issue, resulting in repeatable geometries. The reproducibility tests returned standard 
deviations in deposit thickness of between 2 and 4 particle diameters, even with some extreme outliers 
due to poor levelling early on.
The particle segregation demonstrated in this flume occurs in all three dimensions.  The vertical 
segregation of large and dense particles is in line with that seen in the literature for granular flows, 
demonstrating Bne sorting of large particles and normal grading of dense particles.  The rate at 
which this sorting occurs is very rapid, appearing  to sort to a significant degree within a few tens of 
centimetres travel, and within half a second of flow initiation.  
The lateral and longitudinal sorting are products of the vertical granular segregation, in conjunction 
with the flow and depositional patterns within the flume. lateral depletion of dense particles and 
concentration of large particles is inferred to be a product of  sidewall friction channelising the dense 
particles. This rapid moving central region then concentrates the large particles to the edges and flow 
front.  As the flow reaches the runout surface these sorting effects are preserved, with distal toe and 
lateral concentrations of  large particles, and basal ventral concentrations of dense particles.  internal 
concentrations of the dense particles are created by sequential pulses of flow running over each other, 
each of these pulses comprising a dense base and less dense upper region.  This observation is in 
line with the flow trajectories witnessed by felix and Thomas (2004) in unconfined granular flows, 
where tracer particles were seen to travel fromt he flow surface to the flow edges, to subsequently be 
overtaken by the axial flow. 
several stacked pulses observed in these experiments appear to have quite complicated shear 
deformation preserved in them; for example the undulose morphology of the dense regions in figure 
5.9j, and the apparently splayed layers in figure 5.9c.  
in summary and to answer the stated aims at the start of this chapter:
The setting and sectioning method is practical, and highly capable of producing meaningful 1. 
and valuable data on the internal geometry of flume deposits.
The repeatability of the flume experiments is excellent, subject to careful set up.2. 
granular sorting mechanisms within the flume are in line with those represented in the 3. 
literature. however, the patterns and behaviour of flow within the flumes has significant 
impact on the emergence and expression of these sorting phenomenon within the final 
deposit.
There are several questions raised by this series of experiments:
is the deposit partially aggrading as indicated by the dense layer stratification?1. 
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How does the deformation of the dense layer stratification develop?2. 
can these flumes be used to model more pdc-typical sustained or pulsed flow events?3. 
How do these deposits respond to subsequent pulses of flow?4. 
in order to answer these the experiments will be extended to investigate the contacts and interaction 
between a flow and a granular substrate.
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CHAPTER 6: REWORKING BY SHEARING 
GRANULAR FLOW
6.1 Introduction
in previous chapters it has been shown that the flumes generate complex 3d internal geometry, and 
that the setting procedure has proven reliable in preserving small single-charge packs.  in this chapter 
the method is developed to investigate:
The interaction between sequential granular charges using these flumes1. 
The nature of contacts between sequential charges2. 
The nature of contacts between charges and stratified substrate3. 
The occurrence and extent of reworking of substrate material by sequential and overpassing 4. 
flows
The behaviour of granular sorting mechanisms (see chapter 5) in reworked systems5. 
The ability of the setting procedure to preserve thick multi-charge packs.6. 
pdc deposits observed in the field frequently show erosion of the underlying substrate (e.g. Brown, 
2003). furthermore, a study by dufek, Wexler and manga (2009) has shown that momentum 
transfer from one layer in collisional grainflows allows for pick up and transport of particles from 
loose substrates.  The procedure developed in this work is ideal for interrogating the deposits formed 
by these interactions, using multi-component and variously coloured charges to identify contacts and 
geometries in simple and more complex systems.
6.2 Initial experiments in multi-charge deposits
The first experiment assessing the extent and detail of interaction between multiple charges was carried 
out in flume B, using polymict charges of beads
6.2.1 Nature of Contacts
figure 6.1 demonstrates that sequential charges run into flume B generate significant levels of reworking 
evident at their contacts. One important observation is that all contacts are sharp, with little or no mixing 
between charges.  At these contacts are large scale features indicative of reworking, the most notable 
of which appears to be over-turned or ‘smeared’  material of charge 1 (blue). This is remobilised from 
the proximal part of the deposit (blue) to the topographic high of the original lowermost deposit, 
investigated later in figures 6.3 and 6.4.  The Bne sorting of large particles in the lowermost charge 
1 (blue) has been deformed by these reworked structures to form lenses enclosed by charge 2 (red) 
material. The degree of enclosure varies across the flume, with the centreline showing the least and 
edges showing the most.  The detail of the reworking feature appears in the centre of the flume to 
have a wave-like geometry, shown in detail in figure 6.2.  intriguingly, there is clearly material from 
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Figure 6.1 edge to edge sequence of serial slices taken at 15 mm intervals across a deposit from flume B showing 
the deposit formed by two identical polymict charges each comprising 300 cm3 small (blue = first charge, red = 
second charge) and 100 cm3 large (black) silica beads, and 100 cm3 small (white) ceramic beads. flow from left to right.
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charge 2 (red) trapped under reworked charge 
1 (blue) material; i.e. inverted “stratigraphy” 
within the deposit.  There are two possible 
mechanisms for this; 
A. inertial loading and shearing of the 
substrate (charge 1) material over the already 
deposited material of charge 2, (figure 6.3a)
B. rotational turnover (i.e. vortex-like) of the material being reworked.  (figure 6.3b)
The precise detail of the turnover is not definitive in that regard.  However, the edge geometries do not 
display this entrapment of younger material under older, and the original deposit surface is visually 
preserved as a concentration of large (black) particles.  
figures 6.4 and 6.5 are 3d surface plots of thickness data from the deposits. in all thickness plots, 
flume geometry is subtracted to give a flat datum to the chart, resulting in these being true records 
of thickness but not surface topography. These plots are unable to display multiple depth data for 
individual Xy points. As a result points where there is inverted stratigraphy cannot be represented.  in 
these cases the plotted surface represents the top stratigraphic occurrence of the unit.  despite these 
drawbacks, the surface plots are very useful in gaining 3d visualisation of the charge geometry.  By 
comparing identical charges from different runs we are able to compare ‘normal’ deposit surfaces with 
those generated by reworking.
figure 6.4 demonstrates the typical geometry of a 500 cm3 deposit in flume B.  A steep proximal slope 
(approximate angle of repose for the materials) rises to a double peak of ~22 mm approximately 50 
mm beyond the break in slope.  This then slopes gently down to the distal front of the deposit around 
Figure 6.2 detail of reworking in a slice from the centre of the 
deposit in figure 6.1
Figure 6.3 illustration of possible mechanisms for the formation of the reworked structures (A) loading and shearing of 
the underlying substrate, and (B) rotational turnover (i.e. vortex-like).
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250 mm beyond the break in slope.
figure 6.5 is a surface plot taken from the deposit seen in figure 6.1, representing the thickness of 
the initial charge (blue) after reworking by the second charge (red).  This was initially deposited in the 
flume with a geometry matching that in figure 6.4.  The differences between the thicknesses in figures 
6.4 and 6.5 are due to reworking as a result of a second 500 cm3 charge passing over and remobilising 
the initial charge.  it is clear that most, if not all, of the reworking has occurred in the proximal 60mm 
of the initial deposit, and has had a net effect of shortening the rear of the deposit, while thickening 
the deposit from around 22 mm to approximately 30 mm.  The proximal slope of this charge has 
been significantly over steepened to an angle well above the angle of repose for the materials.  This is 
possible due to the support provided by the bulk of material deposited as charge 2.
A three charge experiment was run into flume B (figure 6.6) in order to assess the interaction between 
successively loaded runs. These three charges comprised: 
(1) 300 cm3 small silica (blue), 100 cm3  large silica, 100 cm3 large ceramic. This would act as a similar 
volume charge to that used before, but introducing all three particle types.
(2) 200 cm3 small silica (red) 50 cm3 large silica; a small charge with no ceramic beads.
(3) 600 cm3 small silica (green), 200 cm3 large silica, 200 cm3 large ceramic; a very large polymict 
charge with all three particle types.
The deposit shown in figure 6.6 exhibits several notable features.  
Figure 6.4 surface plot of deposit thickness from a single polymict charge (300ml small silica, 200ml large silica beads).
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a) The reworking structures formed between charges 1 (blue) and 2 (red) are much smaller scale than 
those seen in figure 6.1, despite the overpassing of a third much larger charge.  This suggests that a) 
the reworking layer is relatively thin and b) the amount of reworking is directly related to the volume 
or mass of the overpassing material.
b) The reworking contact between charges 2 (red) and 3 (green) is strikingly different to that seen 
between the smaller charges.  There is no sign of the roll-over/shear structures at the substrate peak. 
c) indications of similar features developing at the proximal toe of the substrate and at the distal end 
(see figure 6.7).  most notably there has been a bulk removal of substrate (charge 2) material from 
the central axis of the flume, relocated to the flume edges.  The first very faint evidence of blurred 
contacts (mixing) is evident at these side-wall contacts, on the lee side of the reworking - e.g. the lee-
side contact between the second (red) and third (green) charges in figure 6.6K.
As far as granular sorting mechanisms are concerned there is relatively little of note. individual 
charges show the Bne / rBne of the silica and ceramic beads respectively, as described in chapter 
5.  There are some trains of large silica beads evident, particularly in the edge sections within the 
second charge, possibly indicative of traction during remobilisation.  The dense portion of charge 3 
(green) has reached the distal extent of the 
charge deposit. This may be a result of these 
larger beads having greater momentum.  The 
proximal edge of the charge 2 (red) deposit 
sits on the inclined chute, making an angle 
with the flume base of approximately 50°. 
This sudden change of direction required 
by the flowing charge 3 (green) may have 
generated considerable disturbance in particle 
Figure 6.5 deposit thickness of a single polymict charge (300 cm3 small silica, 200 cm3 large silica beads) after reworking 
by an identical charge (not shown); i.e. representing the thickness of the blue charge in figure 6.1.
Figure 6.7 detail of various inverted stratigraphic structures 
at the distal end of the deposit shown in figure 6.6B. The left 
inversion shows green charge 3 material underneath red charge 
2 material. The right inversion shows red charge 2 (and a hint of 
some green charge 3) material underneath blue charge 1 material. 
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Figure 6.6 edge to edge sequence of serial slices through a composite deposit formed by three sequential polymict charges 
(blue, then red, then green). flow from left to right. note the sharpness of contacts between successive charges and the 
overturning of charge deposits at the margins and at proximal locations.
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movement vectors. The dense particles, retaining greater momentum will have preferentially moved 
through this disturbed zone.
studying the 3d contact geometries between the charges is achieved by plotting deposit thicknesses 
as in figures 6.4 and 6.5.  These surfaces are displayed in figures 6.8, 6.9 and 6.10.  Again, these are 
deposit thicknesses, and ignore the underlying flume geometry. Angles at positions  x<0 are therefore 
exaggerated by 30 degrees (the flume slope angle upon which these proximal deposit sections are 
resting).  true deposit angular geometry can be seen in figure 6.6.
figure 6.8 can be compared with figures 6.4 and 6.5, which represent identical charges in both 
pristine and reworked systems respectively.  The difference between figure 6.4 and 6.8 represents the 
degree of reworking in this experiment, and the difference between figure 6.5 and 6.8 represent the 
variation in reworking due to the effects of (1) a smaller subsequent charge, and, (2) a second phase of 
reworking by a third charge run into the flume.  As noted above, the reworked region is much lower 
amplitude than that seen in figure 6.4, presumably due to the decrease in the volume of the second 
charge.  This 3d visualisation also suggests that material appears to have been more strongly removed 
from the central axis of the flume than the edges.  This effect is not so strongly observed in figure 
6.4, which shows similar amplitude reworking across the flume (although the nature of the contact/
overturn varied significantly from edge to centreline.)
The contact represented by figure 6.9 is particularly striking, and represents the contact formed by 
the passing of the very large third charge over the deposit formed by charges one and two. figure 6.11 
shows the flume after deposition of the second charge and prior to the third and final charge.  it is 
clear the entire upper surface of this charge has been significantly impacted by the passing of charge 3 
(green).  What is very obvious is that large amounts of material have been relocated from the central 
axis of the flume to the outer edges.  There is no evidence whatsoever of the turnover structures seen 
in previous contacts.  This is an interesting observation, as the reworking features seen up until this 
point to have been generated by an undefined mechanism.  
Figure 6.8 deposit thickness of charge 1 (blue) seen in figure 6.6.
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Figure 6.9 cumulative thickness of charges 1(blue) and 2(red) seen in figure 6.6
Figure 6.10 cumulative thicknesses of charges 1(blue), 2 (red) and 3 (green) seen in figure 6.6.
Figure 6.11 deposit before the final charge is run into the flume. first charge in blue, second in red. (A) looking up-
flume, (B) is a plan view.
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The two possibilities for the overturn structures were outlined previously (i.e., inertial pushing/shear, 
and rotational turnover).  firstly, it makes sense that a larger over-riding charge might be expected to 
amplify the generation of the turnover structures. The observation that the large third charge pushes 
material to the side of the flume, rather than generating turnover features may be seen as evidence 
for the inertial pushing/shearing model. The small inversion structures generated on the distal surface 
(figure 6.7) would also tend to support formation by this mechanism, being strongly indicative of 
shear remobilisation of the loose substrate. 
clearly the flume experiments and methodology are able to generate interesting reworking features. 
However, it is apparent that these are not necessarily meaningful analogues to pdc. The sharp break 
in slope of flume B triggers deposition from the current too rapidly to generate any meaningful over-
passing of material.  furthermore, the steep proximal slopes of deposits encourage subsequent flows 
to impact rather than over-pass.  As a result, at least some of the reworking features seen so far are 
derived from inertial impact of a flow into a steep substrate surface, simply pushing material forward. 
This is in contrast to interaction at the sub-horizontal lower flow boundary zone of a granular flow 
and substrate which might take place in an aggrading natural system.  
The appearance of small, low angle features as demonstrated by figure 6.7 are perhaps the strongest 
evidence of shear remobilisation in these reworked contacts beyond simply pushing material out of 
the way of the encroaching flow - the substrate material being reworked is moving in a direction sub-
parallel to the flow direction, and the angle on the distal slope precludes any ‘pushing’ effect.  it should 
also be noted that reworking which is definitely generated by pushing of material (e.g. the surface 
represented by charge 2 in figure 6.6) lacks much of the internal structure we have seen in previous 
features.  This suggests that smaller charges have been able to overpass more gently, and perhaps 
interact in a system with less loading, whereas the larger charges represented by, for example, charge 3 
(figure 6.6) increase loading to such a degree that it obscures any shear-derived features.  
6.3 Flume C experiments
flume c was designed and built to overcome the experimental difficulties illustrated by earlier runs. 
A gentle curvature to the break in slope was introduced to encourage a smoother transition from slope 
to runout, and further reducing the granular jump effect.  in addition a five degree sloped runout 
surface was specified in order to encourage overpassing of subsequent flows. figure 6.12 shows the 
results of a run using two identical monomict 500 cm3 charges, comprising 250 μm diameter silica 
beads (blue, then red) run into flume c.  The first thing to note is that the deposit length and charge 
runouts are greatly improved.  notably, the second charge is able to overpass a large proportion of the 
first charge deposit.  The contact surface between the charges is marked by a very complex reworking 
structure.
The edges of the flume demonstrate no obvious reworking (contrary, for example, to that seen in 
charge 2 of figure 6.5). in the centre of the flume, however, the reworking is expressed as a vortex-
like rollover structure.  Between 10-20 mm from the flume edge the structure of these reworkings are 
considerably more complex.  This is interpreted as a result of material being moved from the central 
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region of the flume towards the edges.  As well as the most obvious rollover structures, there are a 
number of smaller scale features resembling sheared flame structures often found in sedimentary 
sequences.
comparison of two identical experiments demonstrates the reproducibility of these runs as being 
very good, especially with regard to reworking structures of similar amplitudes, wavelengths and 
morphologies (figure 6.13).
Figure 6.12 sequence of 10 mm slices through a deposit formed by two monomict 500 cm3 charges of 250 micron 
diameter beads (blue, then red) into flume c. note the occurrence of reworking in a similar location to that observed in 
flume B, but with an apparently rotational component.  detail of reworking is strongly heterogeneous across the flume.
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The largest reworking structures observed in figure 6.11 demonstrate a spectrum of morphologies, 
with five primary groups identified.  These are shown in figure 6.12.
The contacts shown in figure 6.14 may be seen as type morphologies, and may give some insight into 
the processes dominant at different points across the flume:
a) no reworking evident, generally found only at the sidewall. 
b) strongly sheared series of stacks demonstrating an anomalous ‘tongue’ behind the main overturn. 
several series of inverted stratigraphies may be identified. The reworked structure may show full, 
partial or no rotation and often exhibits secondary shearing.  generally found within 30mm of the 
flume sidewall. 
c) relatively open vortex structure. proximal slope of the first charge (blue) is at or near the angle of 
repose. 
d) oversteepened proximal contact, with a closed overturn revealing little internal structure. usually 
located next to a smaller ‘sheared flame’ structure. 
e) strongly oversteepened proximal contact with clear rotational reworking structure. usually located 
next to a smaller ‘sheared flame’ structure.  
certain morphologies (i.e., open vortex (c) and oversteepened and rotational reworking (e)) are 
generally identified in the central axis of the flume, 30 mm or more from the sidewalls. These can 
be considered as a continuum, produced by subtle variations in the loading, velocity and vector of 
Figure 6.13 reproducibility of flow features from figure 6.10 and an identical experiment using the same colouration and 
charge compositions. 10 mm between sequential slices.  note the broad similarities in the architecture of the two flows 
(i.e., proximal slope, run-out) and the same edge to centre variation across the composite flows. The greatest heterogeneity 
in reworking is observable within 20 mm of each flume edge in both cases.
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Figure 6.14 five key morphologies developed at charge contacts. (a) no reworking, (b) sheared stacks, (c) open vortex,  (d) 
oversteepened and overturned, and  (e) oversteepened and rotational reworking 
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flow within the central region of the flume.  The differing degrees of oversteepening are probably due 
to the rate and volume of material removal as the eroding charge passes through, with deposition of 
the active charge occurring at a rapid enough rate to prevent the substrate material collapsing back 
to its angle of repose.  similarly, the openness of the overturn structures is likely a product of rate 
and volume of overpassing material, although it is possible that parameters such as flow dilation 
(granular temperature) and local substrate slope have a part to play in the explanation.  sheared stack 
(b) morphology is more difficult to explain, as it shows significantly more complexity than any of the 
other morphologies.  This is interpreted as a product of flow vectors being affected by interaction with 
the complex proximal geometry of the substrate material.  charge material in the approaching flow is 
funnelled by the complex geometry of the proximal deposit (figure 6.15), forcing material from the 
central axis to the flume edges.  This in turn moves material eroded from the centre to the edges of the 
flume.  As flow pulses migrate down the flume they are able to build a sequence of inversion structures 
toward the flow edges as typified by morphology b).  no-reworking (a) morphology demonstrates 
the lack of reworking evident at the edges of many experiments.  it is inferred that the high sidewall 
Figure 6.15 shaded illustration of typical geometry formed by the first charge into flume c, and the diversion paths (in 
red) likely to be followed by any subsequent charge.
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friction causes these zones to be entirely depositional, unable to remobilise underlying substrate.
The vortex-like nature of the large overturn structures is intriguing, and by using a stratified substrate 
we are able to more closely investigate the form of these reworkings.  Additionally, by laying a 
horizontal substrate into the flume we are able to remove any effects created by the active charge 
Figure 6.16 sequence of slices made at 10 mm intervals through monomict deposit of 250 µm glass beads (red) layed 
onto a stratigraphy of layered 250 µm glass beads (white, blue, black) to reveal the internal detail of the overturn 
structures. stratigraphy demonstrates the rotational nature of the features, which appear to have propagated forwards 
during growth, entraining material from the charge within the vortex.
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coming into contact with a substrate dipping back towards the slope.  A sequence of coloured layers 
are placed horizontally in the flume until they reach 100 mm from the break in slope.  As a result, 
the active charge transitions as normal from the slope to the runout surface, propogates for 100 mm 
along the 5° runout surface, then contacts a 0° granular substrate composed of 250 µm glass beads 
(figure 6.16).
runout onto a pre-existing horizontal topography generates similar overturn structures to those seen 
in figure 6.12.  furthermore, the stratigraphy of the substrate is fine enough to allow resolution of 
the internal details of the reworking.  figure 6.17 is an interpretation of a single overturn section, 
with correct way up indicated by green arrows at various points on the structure.  The red dotted line 
marks an approximate  division between the upper and lower sections of the overturn, the point below 
which apparently correct way-up is produced locally by full 360° rotation of a coherent stratigraphy. 
The yellow dotted line marks an inferred shear region below which a second inverted through to 
normal stratigraphy sequence can be observed.  This lower structure is interpreted as the leading edge 
of the vortex rotation which has subsequently been buried by a vertically migrating shear zone.  it has 
then been overpassed by the further propogation of the vortex feature.
The importance of figure 6.17 is that it clearly demonstrates the nature of the reworking structures. 
They are developed by full rotational stuctures, grown by a roll-up of substrate occurring at the contact 
between it and the over-riding flow.  The mechanism inferred from figure 6.3 (inertial loading and 
shear) may in fact produce a vortex .  The vortices generated in this system are interpreted to be Kelvin 
Helmholtz (K-H) instabilities. K-H instabilities grow spontaneously in systems with velocity and 
density contrast between layers.  K-H-like instabilities have only recently been identified in granular 
fluids (goldfarb et al. 2000, 2002).
K-H instabilities are generated at the contact between parallel streams of fluid with velocity shear, 
where there is either an infinitesimal or finite thickness interface. rotational growth is encouraged 
by the velocity gradient across the interface as shown in figure 6.18, in which the rotational arrows 
indicate the self-induced (clockwise) movement of the vorticity sheet.
Figure 6.17 interpretation of a single overturn structure in a stratified substrate. green arrows mark the ‘correct’ way up 
for local sections (i.e. arrows pointing down indicate inverted stratigraphy), red dashed line marks the approximate central 
zone of the turnover, and the yellow dashed line marks an inferred shear zone.
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in order to develop a better understanding of 
the growth of these instabilities a modified 
topography using stratified ridges will be used. 
We already know that the largest turnovers 
occur where the flow interacts with a substrate 
contact dipping back towards the flume slope. 
The intention is to attempt to accelerate the 
growth of instabilities. if these are K-H-
like instabilities a pre-existing topographic 
feature will act as a seed for initiation of the 
instability.  Because these flume experiments 
are very short lived, the deposits are freezing 
rapidly.  in a sustained current the shearing 
interface might be expected to have lifetimes 
in the order of seconds to minutes.  The rapid 
freezing of the interface in the flume may be 
seen as capturing the early formation of these 
features, which in a sustained flow would 
propagate and develop into fully mixed 
zones. By accelerating the initiation of the 
instabilities in the flume we can investigate 
what they will look like in a more developed 
phase of growth.  furthermore, it is an 
opportunity to investigate the growth of the 
lee-side sheared flame-like features observed 
Figure 6.18 growth of a sinusoidal vortex sheet, after Batchelor 1967.  At any point where z≠0 then the local velocity 
has an x component of x≠0 .  The clockwise velocities develop and amplify the sinusoidal displacement.
Figure 6.19 View from the flume slope onto the runout surface 
prior to the charge being run.  Three stratified ridges are built 
upon a continuous white base layer.
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in previous experiments.  By placing a sequence of ridges at the approximate wavelengths seen for 
previous instability growth, we may see whether secondary flame structures are potentially related to 
secondary instability growth.
The ridge features are laid in a similar manner to the topography in figure 6.16.  The topography has 
a 1mm base of white coloured beads beginning 100 mm from the start of the flat runout surface (as 
before). This white layer is lying at between 4-5°, and the stratigraphy of the ridges is lain parallel to 
this. At 200 mm intervals 100 mm long ridges are constructed using stratified layers of coloured beads. 
These extend from edge to edge within the flume (see figure 6.19).  A single 500 cm3 monomict 
charge of 250 µm glass beads is run onto this surface (figure 6.20).
The structure evident in figure 6.20 is striking.  The turnovers seen in the previous stratified experiment 
are reproduced, but the pre-existing geometric deformation due to the ridges accelerates the growth of 
the instability, allowing it to grow to a greater degree.  The shear zone inferred in figure 6.17 is again 
present, and shows greater displacement.  intriguingly, the features formed from the first green ridge 
appear to show some upward deflection at the distal end.  This may be the result of the shear zone 
being deflected by the shear instability growing in front of the second (blue) ridge.
The instabilities generated at the second ridge are notable for appearing towards the sidewalls similar 
to the secondary flame structures observed in the previous multi charge experiments in morphologies 
Figure 6.20 edge to centreline sections taken at 10 mm intervals, showing the results of a 500 cm3 charge (red) of 250 
µm glass beads run onto a stratified sequence of ridges built of identical glass beads.
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d) and e).  However, the accelerated instability growth produced by this ridgey terrain has enabled 
these features to develop more fully.  furthermore in the centreline of the flume a full rollover is 
evident in the stratigraphy.  The progression from edge to centreline in fact appears to preserve the 
full development process of instability growth. it would appear to indicate that the sheared flame-like 
structures observed in earlier experiments are due to the same process as the fully developed rollover 
features.
An interpretation of a single slice (figure 6.21) highlights the inferred shears developing within the 
primary instability, and allows closer inspection of the detail of the rollover.  The inflection at the 
distal end of the primary instability does indeed appear to be at a similar angle to the growth of 
the secondary instability, separated by a constant thickness of material (indicated by dashed black 
lines).  These thicknesses are possibly related to the thicknesses of shearing pulses within the aggrading 
deposit (as seen in chapter 4).  
The shear zones forming within these instabilities are symptomatic of a unsteady granular shears. The 
depositing flow is composed of thin dense shearing material which rapidly sediments as a sequence 
of pulses which ride over each other.  The ability of these pulses to remobilise substrate material 
is clearly evident in the growth of these turnover features, and the internal shears within them are 
inferred to be caused by secondary shear created by an over-riding pulse.  There is therefore the pulse 
which initially generates the K-H-like instability being disrupted by pulses of further material adding 
momentum and loading to the growing system.  These pulsed variations would create an environment 
for unsteady instability growth, leading to the multiple internal shear deformations.  further down-
flume where fewer pulses reach, the secondary instabilities are unaffected.  in a pervasive system these 
instabilities would form, grow, and migrate downstream with the shearing material.  The implications 
for this in geophysical systems are explored in chapter 7.
in order to gain some insight into how several sequential pulses may interact, an experiment is carried 
Figure 6.21 interpretation of a single slice, showing a 500 cm3 monomict bead charge (red) running over a series of 
stratified ridges (green / blue / white). yellow dashed lines indicate inferred secondary shear zones through the reworking 
instability feature. Black dashed lines indicate geometric similarity between instability morphologies possibly related to 
flow pulse thicknesses.
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out using three identical monomict charges.  it is notable that difficulties were encountered in the 
setting and sectioning of these thicker charge piles. The gelatine solution had difficulty penetrating 
the pack, resulting in some pack failure when removed from the flume.  As a result, several slices are 
missing material.  figure 6.22 shows the deposit formed in a three charge experiment (blue, then 
red, then green) using sequentially larger charges; 400 ml, followed by 600 ml, followed by 800 ml. 
These incremental charge volume increases were used so as to ensure the final charge was still able to 
overpass the topographic high of the substrate which results from two prior charges.
The deposit formed by three charges is, as might be expected, similar to that formed by two charges 
but with an extra contact running over the upper surface.  However, this deposit reveals several 
features which have been less clearly observed (or unobservable) in previous experiments.  figure 6.23 
shows the detail of the first edge section in figure 6.22.  This clearly demonstrates a very low angle 
but laterally extensive tongue of material indicated by the black arrow.  This shearing feature gives 
some indication of the longevity of transport from an eroded substrate even in this rapidly depositing 
system. Just downstream of the arrowhead there is also an indication that a second tongue is formed 
from this remobilisation feature, deflecting upwards as the overpassing third charge is deflected by the 
thicker downstream substrate.
Also clearly demonstrated in this flume are signs of cross-flume sediment transport. figure 6.24 shows 
the detail of sections from figure 6.22 10mm and 20mm from the flume edge.  The arrows indicate 
a shear feature which is developing from the lower (20mm from edge) slice, but propogating into the 
upper (10mm from edge).  This is further evidence for the general flow propogation model proposed 
in figure 6.15, with mass transport being encouraged from the central flow channel towards the 
flume sides.
similar mass transport patterns are seen in the opposite flume edge sections (figure 6.25), where 
several different shear structures propogate across flume.  The black arrows show a similar cross-flume 
transport of shear remobilisation to that seen in figure 6.24, and clearly demonstrates how several 
stacked shear features can be generated (i.e. morphology B demonstrated in figure 6.14).  in contrast, 
however, the yellow arrows show an intriguing cross flume feature which appears to show material 
movement from the edge towards the centreline - contrary to that predicted by the model in figure 
6.15.  
The explanation for the formation of this feature may be that while transport further down the flume 
may indeed encourage mass transport from the centreline to the edges, at the more proximal extremes 
of the existing substrate the flow front of the approaching charge is funnelled in the opposite direction. 
only when the centreline substrate topography exceeds that of the edge veneers does mass transport 
switch to that indicated in figure 6.15. This modification of the model recognises that regardless of 
whether the flow material at the centre of the flume is advancing ahead of the slower moving edge 
flow, the edge flow still reacts to topographic obstacles when it reaches them.  Therefore, while figure 
6.15 can be seen as representative of the current diversion experienced by some of the centreline flow 
material, the modified model given in figure 6.26 is more representative of possible particle motion 
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Figure 6.22 sequence of 10 mm slices through a deposit formed by three monomict charges of 250 micron diameter 
beads (400 cm3 blue, then 600 cm3 red, and finally 800 cm3 green) into flume c. rotational reworking is observed at 
both interfaces.  sections within 30 mm of the flume wall demonstrate  interesting cross-flume reworking, as well as well 
developed secondary (and tertiary) down-slope instabilities.
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Figure 6.23 detail of an edge section from figure 6.18. Arrow indicates a long low angle shear feature.
Figure 6.24 detail from slices 10 mm and 20 mm from the flume edge seen in the experiment represented by figure 6.18.
Figure 6.25 10 mm spaced sections representing slice from 40 mm-10 mm from the opposite flume edge of the 
experiment represented in figure 6.20.
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Figure 6.26 suggested flow paths for flow material 
at the edge of the flume.  first deflected towards the 
centre of the flume by the ‘tails’ of substrate material at 
the flume edges, subsequently deflected back towards 
the edges by the main substrate topographic high.
from edge flow material, deflected first by the proximal ‘tail’ of substrate at the flume edges, then by 
the topography of the main substrate mass.
The final feature well expressed by the deposit in figure 6.22 is the ability of small scale shear features 
to form with very small amounts of overpassing flow.  figure 6.27 shows a enlarged section of a 
centreline slice H of the deposit in figure 6.22, clearly demonstrating a sequence of shear features 
growing at each of the flow contacts.  These sequences of features appear to be forming by the same 
process, with similar geometries at both contacts. As the thickness of the over-passing flow reduces, 
so does the scale of the reworking - although it is notable that the ratio of wavelength to amplitude of 
these features does not appear to vary considerably. Additionally, even the smaller features appear to 
show some degree of rotational motion. The most distal shear feature formed at the interface between 
second (red) and third (green) charges has formed with less than 2mm of overlying material.  We do 
not know if this overlying material aggraded as a single flow pulse or not, but it gives a useful limit for 
the necessary thickness to form the remobilisation features in this system.
There is, however, a possibility that we can extract some information on the flow pulse thicknesses 
which might be gained from using polymict charges.  figure 5.9 in the previous chapter demonstrated 
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Figure 6.27 detail of sequences of K-H-like growth features along both contacts, from the experiments shown in figure 
6.18.
that fine dense particles concentrate in the lower region of each flow pulse, and appear to highlight the 
contacts between individual flow pulses which build up a deposit (probably along frontal thrusts).  We 
may therefore run a polymict charge onto a stratigraphy to examine how these internal expressions of 
a pulsed deposition and instability growth interact.
figure 6.28 shows a sections from edge to across the centreline of the flume at 10mm intervals, with 
a stratified horizontal white/blue substrate.  The charge is composed of 300 cm3 of 250 micron silica 
beads (red), and 200 cm3 of 250 micron ceramic beads (white).  As well as the instability features, 
the dense ceramic particles again appear to have highlighted the pulse stacks within the deposit.  The 
ceramic beads are concentrated in the centre of the deposit (in line with the sorting mechanisms 
discussed in chapter 5), but the broad pattern quite clearly indicates pulses passing over the growing 
instability.  more homogenous mixing of the ceramic beads with the rest of the charge in the proximal 
part of the deposit perhaps suggests disruption of the laminar regime as the last of the charge arrives 
at the steepening proximal deposit contact.
The stratification of ceramic particles suggests that the deposits from each pulse range between 
5-10mm thicknesses.
6.4 Interpretation
significant reworking is produced by these small volume flume experiments.  While flume B experiments 
generated shearing features, it is clear that reducing the loading effect in flume c permits the growth 
of complex and significant instabilities.  The mechanism proposed for the reactivation of an otherwise 
stable granular pack into a dilated granular shear flow is that of conduction of granular temperature 
through collisional momentum transfer between grains.  As grains in the flow travel across a substrate 
they collide with static grains and impart momentum to them.  These travel up into the flow and 
become entrained.  As this granular temperature increase is conducted down through the substrate 
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Figure 6.28 serial sections at 10mm spacing from edge to centre of a 500 cm3 charge, composed of 300 cm3 of 250 
micron silica beads (red), and 200 cm3 of 250 micron ceramic beads (white) run onto a stratified charge of 250 micron 
silica beads (blue and white).  ceramic beads within the charge highlight flow pulse bases.
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Figure 6.29 shear profiles of (A) plug flow above a static substrate, and (B) plug flow with remobilised substrate.
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a velocity gradient is developed with it. figure 6.29 illustrates the velocity profile development from 
a) an active flow above static substrate and b) probable velocity profile through a shearing flow into a 
substrate remobilised by granular temperature conduction.  it should be noted that due to the nature 
of granular temperature, increased granular temperature is accompanied by increased dilation (and 
therefore reduction in bulk density.  As a result, the velocity profile is paired with a density variation 
profile, with the over-riding flow having high dilation (low bulk density) in comparison to the slower 
moving, denser basal zone of the flow, and the stationary, dense static substrate.
The very short period of deposition in these unsteady currents (<0.25 s) suggests that the growth rate of 
K-H-like instabilities is large.  The rapid deposition in the flume allows us to capture an instantaneous 
representation of the growth of these features, and experiments such as that demonstrated in figure 
6.16 allow us to accelerate instability growth to investigate the geometry and propagation of these 
instabilities at different points in their growth.  in the case of these experiments displacement occurred 
of up to ~100 mm.  using a flow velocities of 1 - 4 ms-1 (see chapter 4), remobilisation, instability 
growth and freezing (deposition) occurred in between 0.025 - 0.1 seconds.  The growth rate for the 
instability amplitude can therefore be calculated at sitting between 0.5 - 2 m s-1.
growth of K-H-like instabilities in granular media has been observed in several different situations 
(goldfarb et al., 2002, caicedo-carvajal et al., 2006), but not in flume experiments utilising a static 
loose granular substrate.  The predisposition of these experiments to generate K-H-like instabilities 
suggests that these features are relatively common in thin shearing systems, and have simply not been 
recognised before - either as a result of material selection / lack of colouring, and/or the ability of 
sidewall interaction to impair feature development coupled with a scarcity of work investigating the 
internal structure of flume deposits.
6.5 Conclusions
Thin shearing granular flows are capable of remobilising large quantities of loose substrate material 
through granular temperature conduction (i.e. momentum transfer between mobile and stationary 
particles). The velocity and density profiles through the flow and remobilising substrate which 
develop as a product of this encourage the development of K-H-like instabilities.  The propogation 
of these features through continued flow may displace remobilised substrate significant distances, and 
redeposition of substrate material is controlled by the depositional regime dominant in the bulk flow. 
While the highly unsteady and brief flows observed in this flume cause rapid sedimentation and the 
capture of the growth of these features, steady flow with continued sediment supply may be expected 
to propagate K-H-like instabilities for significant distances.  it is likely that continued growth, rotation 
and downstream propagation of these features would be represented stratigraphically by a very well 
mixed region at the scale of the instability amplitude - perhaps, for example, providing an explanation 
for features such as the mixed ground layer (in the mt st Helens 1980 stratigraphy identified as A0 by 
fisher et al., 1987).   This layer is represented by one to five beds of poorly sorted mixtures containing 
uncharred fragments of organic material and soil schlieren from the ground surface mixed with 0~5% 
juvenile dacite, with some pre-1980 pumice and ash.  some beds consist of reworked underlying soil 
or tertiary rocks.  perhaps most intriguingly, there is a location where the interface between the basal 
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contact consists of finger-like injections, containing a mixture of soil and blast dacite fragments into 
unconsolidated pumice (fisher et al., 1987). 
it should be highlighted that flows with increasing mass flux (and therefore momentum) may be 
expected to cause substrate erosion in one place, with redeposition occurring only further downstream 
where the flow dynamics change such that settling can occur.  
The degree and nature of reworking is strongly dependant on sidewall interaction, with flow retardation 
at sidewalls leading to primarily depositional behaviour in contrast to the erosive capabilities observed 
in the centre of the flume.   The transition between the central and edge regions of the flume is marked 
by a complex interaction of cross-flume material flow.
The findings that erosion and  remobilisation of substrate are so prolific in these flume experiments are 
in themselves of significance in the consideration of any granular avalanche experiments.  in terms of 
comparison to pyroclastic density current deposition, the dimensional analysis carried out in chapter 
3 suggests that these features should be observable in the field. However, to date there is no published 
material discussing the occurrence of K-H-like instabilities in ignimbrites or smaller volume pdc or 
debris flow deposits. This suggests that either (a) the features exist but have not been recognised, (b) 
they produce a broad mixing zone which is difficult to attribute to K-H-like instabilities, or (c) the 
dynamics of deposition of natural flows vary from experimental runs in flumes. The following chapter 
will investigate these possibilities, and the ability of these dense granular flume experiments to provide 
meaningful analogues to pyroclastic depositional mechanisms.
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CHAPTER 7: PDC STRUCTURAL RELATIONSHIPS 
- FLUME VS FIELD
7.1  Introduction
The flume experiments outlined in the previous three chapters have generated a wide variety of 
deposits and features as a result of granular initiation, flow and sorting mechanisms, and the way in 
which they interact with varied particle types, substrate materials, and geometries.  This chapter will 
attempt to assess (1) whether these findings are relevant to the study of pdc, debris avalanches (and 
other geophysical flows), (2) the occurrence (or not) of similar features and structures in the field, and 
(3) the potential for development of these experiments to improve and refine our understanding of 
processes within natural granular currents.
7.2 Relevance to Geophysical Systems
in order to assess the relevance of these experiments to geophysical systems, it is worthwhile considering 
the range of these systems which contain a granular fluid component.  first, it must be re-emphasised 
that pdc occur on a  wide spectrum of scales, from small volume, unsteady dense flows with low 
mobility, through to sustained steady high-mobility flows with lifetimes in the scale of minutes to 
hours.  secondly, there are several other geophysical systems which should be considered relevant. 
other particle laden flows in nature which may be locally or generally related to the processes and 
mechanisms discussed in this work include a wider range of unsaturated debris avalanches, including 
snow and rock avalanches.  in addition to these there are a wide variety of flows which have water 
as the interstitial fluid rather than air, including lahars, marine turbidites and fast-moving fluvial 
currents.  These latter systems are not easily comparable to the flume experiments in this work, due 
to the significant difference in interstitial fluid properties (e.g. viscosity, density) and therefore will 
not be discussed. 
7.2.1 Depositional system and processes
The depositional system observed in the flume experiments is characterised by a shearing mechanism. 
The total deposit thickness is built by stacks of over-riding pulses.  in the horizontal flume bases of 
flumes A and B the deposit forms through deceleration, energy dissipation and en-masse freezing of 
the flow head as the granular temperature drops below the granular fluid threshold.  The following 
flow material then deposits as a series of stacked pulses emplaced along inclined shear planes (figure 
7.1).
This model is in line with that proposed by schwarzkopf et al. (2005), and matches closely the 
analogue modelling experiments carried out by shea and van Wyk de Vries (2008).  The runouts 
observed in the flume A and B experiments are very short compared to the height:runout ratios of 
many geophysical flows.  This is likely due to a combination of low pore pressure (resulting in very low 
fluidisation) and the granular jump generated by the rapid break in slope of these flumes.  This means 
that while the sorting initiation and sorting mechanisms investigated in chapters 4 and 5 are likely 
to be relevant, the depositional mechanism cannot be directly compared to that which takes place in 
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long runout debris flows or pdcs.  This short runout system is, however very likely to be significant 
in the investigation of short runout geophysical deposits such as debris avalanches.  The work of shea 
and van Wyck de Vries (2008) demonstrates that the hummocky surface typified by short runout 
debris avalanches is a product of stacked over-thrusting flow pulses (figure 7.2, identified as pressure 
ridges in figure 7.3). The work presented in chapters 4 and 6 indicated that the same processes are 
occurring in flumes A and B.  The scaling of the experiments presented in chapter 3 was carried out 
using pdc systems, but the conditions and dimensions of small volume landslides are even more 
favourable to the experiments, with the reduction of pore pressure being a significant factor.
it is important to note, however, that the resemblance to debris avalanches is not restricted purely 
Figure 7.1 diagram of inferred depositional process and final structure in flumes A and B, showing the presumed velocity 
profile through the approaching flow and the sequence of aggradation.
Figure 7.2 cross sections from some scaled experiments from shea and van Wyck de Vries, 2008.  (A) types of cross 
section with base-parallel cross section on left. note that the lithological repetitions follow thrust-fault orientation, 
producing a hummocky surface. (B) transverse and (c) longitudinal cross sections with preserved layering affected by 
various structures.
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to this hummocky terrain.  figure 7.3 
illustrates typical debris avalanche features, 
sorting mechanisms and deposits.  The 
inferred flow mechanism active within the 
flume experiments (a shearing basal zone 
below a plug flow, such as that inferred 
by schwarzkopf et al., 2005) is directly 
comparable to that observed in debris 
avalanches, while the geometrical features 
typical of debris avalanches each have their 
analogues in the flume experiments. The 
head features of back-tilted and slumping 
blocks are similar to the shearing initiations 
observed in the flume A experiments 
(chapter 4), with the levee formation and 
size sorting following the same trends. 
The separate depositional lobes are not 
observed in these flume experiments, but 
this is to be expected of highly channelised 
flume systems with sidewalls.   
in addition to small volume debris 
avalanches, similar scale flows occur from 
cold small volume pdc initiation.  The 
flows generated by the 1975 ngauruhoe 
eruption (outlined in chapter 3) are typical 
of this kind of flow, with low fluidisation 
and hence short runout.  The stratigraphies 
typified by this kind of deposit include 
lateral levee formation and distal pumice 
dams (often with hummocky lobate 
fronts), similar to those seen in figure 7.3 for non-volcanic debris avalanches.  
more problematic is the comparison with larger scale, sustained pdc and long runout highly 
fluidised landslides.  The runout of these systems is associated with more overpassing of material than 
is achieved in either flume A or B.  pdcs in particular are inferred to sediment through progressive 
aggradation (Branney and Kokelaar 1997), generating a vertical architecture representing temporal 
variation in the gradually depositing flow rather than vertical variation in a single plug flow pulse 
(sparks 1973, 1976).  By inclining the runout slope by 5 degrees the depositional system in the flume 
is modified, permitting far greater overpassing of material (figure 7.4).  This overpassing prolongs the 
active lifetime of the shearing contacts, and more closely represents the depositional enviromentment 
Figure 7.3 typical debris avalanche morphology, mechanics and 
deposits. A - plan view showing the geometry of a debris avalanche 
from the failed surface to the frontal lobes (distorted scale). B – 
cross-section showing internal structure, main deposits of a debris 
avalanche and possible sorting mechanisms. (Bridge and demicco 
2008).
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of geophysical systems. The angles of the shear planes generated in the deposit are greatly reduced. 
it should be noted that in experiments with multiple charges, later flows interact with steep (angle 
of repose) proximal-dipping contacts, and the steep shear contacts (figure 7.1) may again become 
dominant.  This is more significant in the early-forming parts of the deposit, which form before enough 
proximal deposit can be built up that the topography of the existing substrate can be overpassed.
even with this modified flume geometry the low mobility of these flows results in very limited 
aggradational behaviour. rather, the deposit forms as a sequence of discrete frozen granular plug-like 
pulses.  This re-emphasises the fact that the deposits cannot be considered directly analogous to the 
deposits formed by a progressively aggraded ignimbrite from a sustained pdc, despite the fact the 
processes at work are similar.  features preserved in the flume deposits represent snapshots of activity 
which would be long-lived but spatially transient in sustained currents.  
7.2.2 Particulate sorting mechanism
The particulate sorting mechanisms demonstrated in these granular fluids from this study are typical 
of the mechanisms recognised in any polymict granular system.  The general patterns of Bne / 
rBne, and proximal/distal/lateral/ventral concentration observed in these flumes are applicable to 
any channelised granular flow, and therefore have relevance to all of the geophysical systems outlined 
with a channelised granular fluid dominated current.  
in un-channelised systems (e.g. laterally extensive pdc forming a sheet ignimbrite, large scale 
landslides) the lateral variation formed by particulate sorting might be expected to be supressed, 
governed instead by local flow dynamics and thalwegs.  As a result, levees and distal concentrations of 
large particles are more likely to be replaced by localised deposition within the aggrading system, as 
current thalwegs disperse material anisotropically across and along the flow.
Figure 7.4 diagram of the inferred depositional process and final structure in flume c, showing the presumed velocity 
profile through the approaching flow and the sequence of aggradation, based on deposit stratigraphy and observation of 
deposition.
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The density and particle size scaling makes these experiments particularly useful in investigating the 
structures which develop in small volume pdc deposits.  landslides and rock or snow avalanches have 
far less variability in particulate density variation.  As a result, the rate of density sorting within these 
flows might be expected to be significantly reduced.  That said, there are still examples of particulate 
sorting features developing in these more homogenous systems.  figure 7.5 demonstrates 15cm 
diameter snowballs which have accumulated to form lateral levees at the edge of a snow avalanche 
(from Jomelli and Bertran 2001).
Figure 7.5 lateral levees linked to a channel incised through a snow substrate, champoleon valley, massif des ecrins, 
france.  Walking pole for scale, snowballs on the left average 15cm diameter.  from Jomelli and Bertran (2001).
As has been dillustrated in figure 7.3, the sorting effects observed in debris avalanche deposits are 
very similar to those for small volume pdcs, and produce similar patterns to those seen in the 
flume experiments.  The Bne reverse grading effect is significant, and ultimately responsible for the 
vertical sorting, and through flow and deposition also lateral and longitudinal sorting.  large particles 
brought to the upper surface of the flow spall off to form levees. Those at the head of the flow are 
continuously recycled to form clast-rich terminal deposits, typified by pumice dams in small volume 
pdcs (see figure 7.6).  This is in line with the work of  felix and Thomas (2004), who demonstrated 
this particle movement in granular flows, recycling material from the flow head to the edges, and 
hence forming levees.  When combined with the granular sorting mechanisms seen in these flows, 
large particles become preferentially concentrated at distal and lateral extremes, which agrees with the 
findings of Vallance and savage (2000) and iverson and Vallance (2001).
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Highly fluidised long runout pdcs, which have deposition dominated by a granular fluid lower 
flow boundary zone, are a somewhat more complicated system to consider.  The sustained steady 
flow shown in figure 7.7 represents a system where the bulk of volume transport occurs in the gas-
turbulence dominating the upper flow region.  settling from this basal flow produces a dense basal 
region of shearing granular fluid.  sedimentation from this granular fluid aggrades a static deposit, 
implying that any material which is aggraded by this flow must transition through the granular fluid, 
and hence be subject to the sorting and settling regimes active within this zone.
it is important to note that the contact between the turbulent and granular flow layers (whether 
diffuse or sharp) is not important solely in terms of settling in addition momentum transfer from 
even small particles is able to mobilise large and dense clasts to flow over far greater distances than 
might otherwise be expected (dufek  et al. 2009).  The implication of this is that the granular fluid 
layer is not completely decoupled from the over-riding layer.  energy transfer from the particles 
moving within the upper turbulent layer (as they interact with the upper surface of the granular layer) 
is likely to be a significant feature in pdc mobility. 
The nature of the contacts between the turbulent gas suspension, the granular fluid, and the substrate 
is likely to be dynamic, and particularly dependant on the momentum flux of either of the given flow 
Figure 7.6 terminal pumice dam on a small volume pdc from an eruption on ngauruhoe in 1975.
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layers.  for example, while the idealised section in figure 7.7 describes a steady flow with a purely 
depositional regime dominant at both boundaries, it is conceivable (and indeed likely) that if an 
increase in flow momentum is generated (for example through increased mass flux, or transition onto 
a steeper slope) the boundary zones will see a propagation of momentum into the lower-energy layers 
below.  The physical result of this would be:
Gas suspension - granular fluid interface• . increased particle interactions will elevate the 
granular temperature in the lower fluid, expanding and dilating until either a) the dilation 
reaches a point where effective momentum transfer is hindered, or b) particles transition back 
from the granular fluid into the turbulent suspension.  in the case of a) it might be expected 
that the increased dilation could act as a buffer, preserving the granular flow regime in the 
case of short-lived or small momentum fluxes.  The result of b) would be top-down thinning 
of the granular fluid layer, potentially to a thickness of 0. in this extreme case the pdc 
would develop a profile where sedimentation occurred as direct fallout from the turbulent 
Figure 7.7 idealised section through a depositing pdc, after Branney and Kokelaar 2002.  nature of boundary zones may 
be sharp or diffuse
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suspension (at least until this fall out generated a new granular fluid basal layer).
Lower flow boundary zone•  between the granular fluid and the substrate.  An increase in 
momentum transfer would, again, increase the granular temperature of the lower layer. 
This would dilate the substrate allowing the shear profile to penetrate into it, entraining the 
substrate into the active flow.  This would be the proposed mechanism for K-H-like shear 
generation between a substrate and flow unit.  it should be noted, however, that K-H-like 
instabilities can grow at any velocity shear surface, and therefore are able to form and grow 
within even an aggrading system.  The reason to highlight their formation in this erosive 
context is that erosive surfaces have much higher visual contrast than the internal structure of 
single ignimbrite units. Therefore it is K-H-like features developed at these (initially) erosive 
surfaces which are more likely to be identified in the field.
7.3 K-H-like Instability growth conditions
The prevalence of K-H-like instability structures within the flume experiments raises questions over 
why fully developed instabilities have not been observed in natural pyroclastic flow deposits.  several 
possibilities may provide an explanation;
The scaling of the flume experiments produces features which are not observed at field 1. 
scale.
The flow mechanics within the flume are different to those within pdcs.2. 
The structures  do exist but have not been recognised.3. 
The structures exist but migrate laterally through a steady current, leaving no recognisable 4. 
feature other than a well mixed zone in their wake
pdc flow boundary zones migrate vertically too rapidly for K-H-like instability growth to 5. 
occur.
dense shear flows at the base of pdcs are too thin to allow K-H-like instability growth at 6. 
significant amplitudes.
The scaling calculations performed in chapter 3 suggest that explanation 1 (scaling) is unlikely, but 
it is possible that there are processes at work within pdc basal shearing zones which perturb the 
formation, or have simply not been recognised, and therefore scaled for.  Alternatively, it may be that 
the poorly scaled pore pressure in the flume experiments is significant in their development.
option 2, that the mechanics in the flume are different to those in pdc is possible, although 
unlikely.  The model of progressive aggradation for pdc deposition is capable of explaining and 
describing the full range of ignimbrite stratigraphies, and suggests dense grainflow can be dominant 
at the (depositionally critical) lower flow boundary zone.  The one stumbling block to this may 
be the inferred high pore pressure in high mobility pdcs, which is not present in the unfluidised 
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experiments.
possibilities 3 - 6 all imply that K-H-like growth is plausible, but either unrecognised (option 3), leave 
no  lithological record (option 4), or are prevented from growing to significant sizes due to restrictions 
or variations in the lower flow boundary conditions (options 5 and 6).  Whilst the suggestion that the 
structures exist and have simply not been identified before may seem irrational, there is good reason 
to consider this option.  importantly, pdc deposits are frequently uniform in colour with often 
only broad structural heterogeneity such as pumice rafts or lenses.  This uniformity has been part of 
the issue in deciphering the precise flow and deposition mechanism, and in turn could easily mask 
complicated internal structure.  
Assuming that progressive aggradation is the dominant process for ignimbrite-forming pdc 
deposition, then the steady state currents necessary are very different to those observed in the unsteady 
flume deposits. The K-H-like structures observed in the flume deposits are preserved precisely because 
the deposition is nearly instantaneous as the granular fluid deflates and freezes.  in a sustained current 
the lower flow boundary zone can be expected to remain active for much longer timescales. As a 
result, and “growing” K-H-like instability would continue to travel downstream. This would result 
in continued mixing of entrained substrate material within active flow material. When this material 
finally deposits it has travelled potentially great distances, and may be very well mixed.  if occurring 
as a layer within an aggrading unit this may not be significant. However where this has occurred at a 
boundary between different units there are several important implications which will be considered 
later in this chapter.
7.3.1 Mathematical Modelling
Working on the assumption that the flume is an accurate analogue of granular flow at the base of pdcs, 
and therefore whose depositional processes represent a meaningful analogue to pdc deposition, a 
series of calculations can be carried out in order to assess whether the instabilities still occur and at 
what scale within a typical pdc.
A caveat must be made before progressing this section. granular fluid physics are poorly constrained, 
and with an absence of governing equations the following calculations are derived from a model 
for K-H growth in standard newtonian fluids.  Whilst this may not correctly predict K-H-like 
growth conditions in these granular systems, the calculations are able to correctly predict and specify 
characteristic wavelengths for K-H-like growth in the experiments.  However, there are a number of 
features exhibited in granular materials which are very similar to features observed in fluids.  These 
include taylor vortices (e.g. conway et al., 2004), faraday instabilities (e.g. garcimartin et al., 2002), 
and the granular jump (e.g. Boudet et al. 2007).  Work by gray et al., (2003) demonstrated that 
hydraulic models are able to capture first-order  qualitative features of oblique shocks and bores, 
while later work by Hákonardóttir and Hogg (2005) showed that through systematic measurement 
of oblique shocks, slightly modified shallow water equations were able to describe the experimental 
observations.  it therefore is not unreasonable to attempt the modelling which follows.
The calculations are based on a relatively simple model assuming static stability (i.e. the denser layer is 
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below the less-dense layer), and infinitely thick layers with a sharp shearing contact of zero thickness 
(figure 7.8).  Whilst the static stability of the flow is reasonable (i.e., granular matter must expand 
to flow, therefore the over-riding material will have lower bulk density than the underlying deposit) 
the assumptions on layer and shear transition thickness are clearly not ideal (see figure 6.29 for more 
realistic velocity profiles through the flow/substrate system).  However, these assumptions allow the 
generation of relatively simple models which should still describe the behaviour characteristics of the 
system. 
equations that describe the behaviour of K-H instabilities (Kundu and cohen, 2004) allow for a 
solution for the formation of K-H instabilities :
Figure 7.8 Visualisation of the assumed model in subsequent calculations. v is velocity, ρ is bulk density, z and λ are 
amplitude and wavelength of the instability respectively. After Kundu and cohen (2004).
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where r is bulk density in layer 1 or 2,  v is velocity in layer 1 or 2, g is acceleration due to gravity 
(9.81 ms-2 at sea level), and k is wavenumber.   instability growth occurs only when Ig is complex. 
equation 7.1 has the visual form:
The B term in this equation is itself made up of two separate terms
With the left hand term describing the restorative force (the tendancy for gravity to stabilise any 
instability growth), and the right hand term describing the shear force (responsible for development 
of instability).  to satisfy the requirement of a complex Ig, it follows that 
This makes physical sense, as we require that the shear force is greater than the restorative force.
Therefore B is always negative.  under this condition
then it follows that
Hence
which may be simplified such that
which may be rearranged to show that
0 B> [7.4]
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This allows us to then analyse the boundary conditions for given situations and determine whether 
K-H instabilities would be expected to grow or not.  rearranging and substituting various terms into 
this equation generates a number of useful forms.  firstly, we define the wavenumber, k, in terms of 
the instability wavelength l;
This can now be rearranged into equation 7.9
Values for v1  can be measured for the flume experiments and field analogues. v2  is a static layer within 
these experiments, therefore 0, and the bulk density of the static layer (r2) is known.  in this way we 
can calculate the right-hand side of equation 7.11 and therefore are left with
This simplifies to the quadratic form
Hence we can assess the bulk density (and therefore relative inflation) of the upper layer in flows 
which demonstrate K-H-like structures.
rearranging equation 7.11 in terms of velocity flow velocity 
This equation can finally be developed to consideration of granular media, substituting the terms 
for bulk density with terms for particulate concentration, multiplying particle density by phi.  We 
are now able to assess characteristic velocities for given instability wavelengths in a wider range of 
geophysical situations
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This equation produces the minimum velocities at which K-H-like instabilities of given wavelength 
may form, assuming particulate concentrations for each layer of f1 and f2 .   These are plotted in 
figure 7.8.
it is worth noting here that as the difference between f1 and f2 increases in a system with static 
stability,
And therefore as the upper flow becomes more dilute 
7.3.2 Results
data presented in figure 7.9 confirm the growth of K-H-like in the laboratory scale experiments 
(l≈ 0.15m, v1  ≈ 2ms-1, (f2/f1)-(f1/f2) ≈ 0.5, with f1 ≈ 0.45, derived from 30% expansion from 
f1 ≈ 0.6 - a random packed static pile of spheres).  The minimum growth condition plot for (f2/
f1)-(f1/f2) = 0.5 suggests that these velocities permit instabilities to grow at wavelengths of up to 
approximately 10m.  Velocities more typical of pdcs permit instabilities to grow at wavelengths over 
100m.  Assuming the model is representative of the physics within pdc, the implications of these 
results are multiple:
1.  granular flows in pdcs are always unstable to short waves if v1 > v2.
2. K-H-like instabilities are capable of growing in the typical range of velocities and particulate 
concentrations seen in natural pdcs.  Wavelengths between 0-100m are plausible.
3. dense flows (low contrast between layers) experience K-H-like growth at lower velocities due to a 
reduced restorative force.
4. increasingly long wavelengths become possible with increasing velocity contrast.  
it should be re-iterated here that shear flow only occurs in the dense basal region of a pdc. At lower 
particle concentrations the turbulent regime takes over, and bed forms transition into the hummocky 
/ duneform (cross bedded) styles seen in classic pyroclastic surge deposits.  The transition from 
laminar to turbulent flow can be described using the dimensionless reynolds number for a flow.  The 
reynolds number for sediment-fluid mixtures can be defined as:
Where rb is bulk density, v is mean flow velocity, d is flow thickness and μ is viscosity.  from this it 
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can be shown that using realistic dense pdc parameters of rs =2,500 kg m-3, v =10 m s-1, d =1 m , μ = 
103 pa s ,  giving NR=25.  This is well below the threshold for transition between laminar and turbulent 
flow (NR =500 - 2000). 
7.3.3 Limitations
There are some limitations with this model which need to be considered.  firstly the model assumes 
a zero-thickness transition between layers.  in real shear flows it is more usual to experience a velocity 
gradient as you pass from one layer into the next (figure 7.10).  With velocity gradients present, we 
might also expect bulk density differences. reduced kinetic energy in slower moving regions will 
Figure 7.9 graph demonstrating minimum velocity necessary for K-H-like instability growth at various example 
particle concentration contrasts across the shear contact.  The area above each line represents the region in which 
K-H-like instabilities are able to grow.  The yellow region indicates the velocity field represented by the laboratory 
flume experiments, and the orange region indicates the approximate velocity field occupied by natural pdcs.  particle 
concentration contrast in dense granular fluids flowing over a static loose packed substrate is in the order of 1.
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lead to reductions in granular temperature and therefore localised deflation.  Whilst the reduction in 
velocity will tend to hinder formation of K-H-like instabilities, the reduction in density contrast will 
coincidentally reduce the restorative force, negating at least some of that effect.  detailed study into 
the relationship between shear flow velocity profiles and the inflation of granular materials in such an 
environment would be necessary in order to tease out the precise balance of effects in this situation.
A second limitation to be considered is the models reliance on infinite layer thickness.  Both pdcs 
(assuming progressive aggradation) and the laboratory flume experiments are thin flows with aspect 
ratios (flow length : flow thickness) in excess of 100:1.  As a result there is a possibility that this model 
will produce K-H-like instabilities in situations where natural pdcs cannot.  typical of this might 
be the example of 100m scale instabilities in fast moving pdcs.  if the dense basal region of the flow 
is only tens of centimetres thick it is difficult to visualise the formation of K-H-like structures more 
than tens of centimetres in wavelength.
finally, the model states only the conditions in which K-H-like instabilities may grow. The actual 
time it takes to form these structures may be incompatible with the sedimenting conditions within 
pdc even if the mechanics within the flow are otherwise suitable.  if pdc deposits progressively 
and rapidly aggrade it is easy to visualise how growing K-H-like structures may be buried before 
developing into visible features.
Figure 7.10 schematic of shear velocity profiles across a contact between two layers. A) the profile assumed in this 
numerical modelling b) typical velocity profile of a shearing layer over a static bed, c) inferred profile for a remobilisation 
and entrainment of substrate within the shearing zone.
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7.3.4 Conclusions of K-H-like modelling
it must be recognised that no conclusive evidence has been found for the preservation of growing 
K-H-like instabilities within any single ignimbrite units.  due to the ubiquitous growth conditions at 
shearing granular fluid/substrate contacts suggested by both the analogue and mathematical modelling 
conducted in this work we must consider the various explanations. 
1. The scaling of the flume experiments produces features which are not observed at field scale.
This has been almost certainly eliminated by the mathematical modelling carried out in this section. 
The scaling of the experiments, and the modelling both suggest these features should grow in pdc 
scale systems.  The only caveat to this is if the generation of shear instabilities in granular fluids is very 
significantly different to that in other shearing systems.  The fact that newtonian fluid physics has 
successfully been applied to granular applications such as the granular jump (e.g. gray et al., 2003; 
Hákonardóttir and Hogg , 2005) supports the validity of the relatively simple modelling carried out 
in this work.
2. The flow mechanics within the flume are different to those within the PDC.
This is unlikely; the settling of material from a turbulent suspension will form a dense basal layer in 
these flows, resulting in the build up of a granular fluid basal zone.  The model explains ignimbrite 
stratigraphy formation well, and features such as granular fluid particulate sorting within pdcs (e.g. 
Bne/rBne) require a granular fluid.  However, until such time as conclusive measurements can be 
made within an active (and depositing) pdc, the absence of a granular fluid cannot be entirely ruled 
out.  furthermore, the close relation of these experiments to smaller scale short-runout pdc and 
debris avalanches provides significant opportunity in the future to explore these deposits for similar 
features.
3. The structures exist but have not been recognised. 4. The structures exist but migrate laterally through a 
steady current, leaving no recognisable feature other than a well mixed zone in their wake 
A far more likely explanation is a combination of options 3 and 4. steady-state flow in a long runout 
pdc is likely to generate long-lived shear interfaces at the basal region of the flow.  Any growing K-H-
like instability will progress along this contact, mixing as it goes.  The K-H-like amplitude growth 
velocities (0.5-2ms-1) and the necessary timescales for ~100mm wavelength instabilities in relatively 
slow laboratory flume experiments calculated in chapter 6  (0.025 - 0.1 s ) not only imply that the 
second - minute timescales expected in a  steady flow are long enough for this to happen, but also 
tend to rule out the possible explanation (option 5) of rapid burial by a migrating aggrading lower 
flow boundary zone; with these growth rates even in a rapidly depositing system at least some form of 
partially developed K-H-like growth would be expected.
6. Dense shear flows at the base of PDCs are too thin to allow K-H-like instability growth at significant 
amplitudes.
The final option - that the granular fluid base is too thin to generate significant amplitudes of 
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instability is difficult to either prove or disprove. Without the observation of pdcs in motion, we 
are left assessing their deposits to infer the thickness of the transient flow architecture.  However, we 
know that small volume laboratory flume charges generate flows that are a maximum of 20mm thick 
before contacting the substrate, and that the interaction of these flows with the substrate are able to 
generate instabilities with an amplitude of up to 30mm.  small volume, single pulse, unsteady pdcs 
generate terminal pumice dams on the order of 1-2 meters high, and these are a product of granular 
flow sedimentation.  The faster, larger, more sustained currents are unlikely to have granular flow 
layers of this magnitude; it is likely that the much higher velocity and fluidisation encourages the 
thinning of this layer considerably.  However, even assuming a 20cm thick granular layer we might 
expect instability amplitudes of up to 30cm.  for them to be truly invisible within the deposit, pdcs 
would require a basal granular flow layer smaller even than that seen in the flume experiments.  in a 
dynamic flow passing over complex terrain, with individual thalwegs of current migrating over time 
it is difficult to conceive of millimetre scale granular flows maintaining an form of coherence at the 
velocities observed in pdcs (up to 120ms-1.)
7.5 Shear instabilities in the field
in order to identify K-H-like in the field, then, we must look for:
Visual contrast in layers where rapid deposition may preserve growth structures• 
Well mixed zones of continuous or increasing thickness in the direction of flow• 
The best target for visual contrast and rapid deposition is the basal contact of ignimbrites.  firstly they 
have more clear visual contrast than within the bulk of an aggrading unit.  secondly, the base of any 
pdc unit represents the temporal point in the flow at which momentum transport changes from a 
high-energy erosional regime, to a lower energy depositional one.
The mixed zones within aggrading ignimbrites are a far more difficult, and less informative target, and 
were not prioritised in this work. 
7.5.1 Tenerife
tenerife in the spanish archipelago of the canary islands (figure 7.11) was chosen as the primary 
field location, due to its outstanding suite of well exposed pleistocene ignimbrites.  it is an ocean 
island, built on the remnants of three miocene basaltic shield volcanoes.  subsequent to this, a central 
stratovolcano (las canadas) was emplaced, reaching maximum dimensions of approximately 40km 
diameter, and 4500m altitude (carracedo et al. 2002).   A series of plinian / ultra-plinian eruptions 
of the las canadas edifice occurred between 160-220ka, probably forming the 16 x 9km caldera 
(although there is some suggestion (e.g. carracedo, 1994) this may be related to massive flank collapse 
landslides, represented by the huge guimar and orotava valley scars), and depositing the wide-ranging 
suite of ignimbrites.  These are best exposed in the southern Bandas del sur region of tenerife (see 
figure 7.8), where the desert-like conditions preserve the deposits to an outstanding degree.  pdc 
deposits span a wide range of lithologies from fines rich to fines depleted, lithic charged, pumice 
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charged, and both welded and non-welded units.  channelisation varies considerably, with different 
pdcs (and individual pdcs longitudinally) having lateral extents varying in orders of magnitude 
(m - km)
There are very few palaeosols present between the tenerife ignimbrite units, suggesting either very 
rapid sequential emplacement, climatic conditions that did not allow palaeosols to develop (unlikely, 
as palaeosols are locally present), or erosive basal contacts. These contacts are often sharp, and there 
are numerous examples of channel cuts and fills.  presumably the majority of the pdc deposits (i.e., 
ignimbrites) propogated offshore, with the Bandas del sur deposits representing relatively proximal 
deposits as the flank valleys level out below ~15°.
one of the clearest pieces of evidence for the erosion, remobilisation and redeposition of substrate 
material by pdcs was found near el rio, where a 2m thick ignimbrite sits above a thin (20mm) ash 
fall layer and 1m thick highly pumiceous ignimbrite (figure 7.12).
Figure 7.11 digital elevation model constructed from the shuttle radar topography mission (srtm) Version 2, based 
on 1 arc-second resolution data (see farr et al. 2007 for mission data and processing information).  pico del teide - 3718m 
above mean sea level (Amsl) - can be clearly seen sitting within the broad las canadas caldera, visible as a prominent 
curving ridge to the south (locally exceeding 2600m Amsl). region highlighted in yellows marks the approximate extent 
of the canadas series volcanic rocks in the south of the island (Bandas del sur formation, outline derived from gill et al. 
1994).
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The breaks in the ash fall layer are interpreted as erosive scours due to individual (and most likely 
migrating) thalwegs in the over-riding flow.  The diffuse contact in these areas is derived by entrainment 
of material from the lower ignimbrite into the basal shearing zone of the active flow.  This remobilised 
material is clearly visible in the upper unit (indicated by arrows), and seems in some places to be lifted 
as much as 40cm into the flow.  The majority is within 10cm (vertically) of the contact.  remobilised 
material is clearly visible above apparently unbroken in-situ ash layering, suggesting this material has 
been remobilised from further deposits upstream.  Without a perpendicular section it is impossible 
to assess how far this material may have travelled to gain any insight into the ratio of vertical to 
longitudinal transport distances.  
A similar diffuse contact, showing the remobilisation of substrate into the overpassing flow was 
observed at a road section 1.3km sW of Arico (figure 7.13). in this case a fines rich flow unit 
is overpassing a pumice fall layer.  remobilised pumice clasts are dispersed over a distance of at 
least 20cm from the contact.  longitudinal travel, again, cannot be measured, but judging from the 
similarity in appearance between the pumice clasts in-situ within the fall layer, and those remobilised 
ito the flow, it is unlikely that they have travelled  a short distance probably for no more than a few 
tens of seconds.  Angluarity, size and roundness are not appreciably effected, and it might be expected 
that a collisional grainflow would abraid pumice clasts readily.
smaller scale features at the basal contact are relatively common in the las canadas ignimbrites. 
figure 7.14 shows an oblique view of the base of the poris ignimbrite, with a dashed line highlighting 
Figure 7.12 fines-rich ignimbrite (red/brown) above a broken ash fall layer and pumice-rich ignimbrite. flow direction 
interpreted as approximately towards the reader. Arrows indicate material lifted from the lower fall layer into the upper 
flow layer, through erosion of the ash fall layer.  location: 28°10’14.24”n 16°29’26.85”W, looking West.
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the geometry of a shearing feature. This photo also gives a good indication of some of the problems 
Figure 7.14 An oblique view of the base of the poris ignimbrite, with a dashed line highlighting the geometry of a 
shearing feature.
flow direction
Figure 7.13 contact between a pumice fall layer and overpassing fines-rich ignimbrite.  pumice clasts are being 
remobilised from the fall layer into the flow. location: 28°10’14n, 16°29’26”W.
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identifying these features due to low contrast between materials.  
figure 7.15 shows a contact between two poorly sorted units (the upper being highly lithic charged), 
and does not demonstrate the same extent of shear as the previous example, appearing to have a more 
rounded geometry.  Additionally, at the vertical fracture on the right of the image there is a possible 
second feature forming in the same direction.
The contact between a highly charged flow unit and a reverse graded flow (highlighted by the 
smeared pale ash-rich horizon) shown in figure 7.16 (enlarged detail in figure 7.17) shows convolute 
interactions
Although most contacts at the base of discrete units have enough of a colour contrast to identify these 
features, there are cases where contacts within single units can be observed.  These contrasts are likely 
due to one (or a combination) of the following:
Break in local deposition during flow (thalweg migration, brief pause in sediment supply, 1. 
etc.)
change in pyroclast nature (vent widening, change in eruptive style, plume collapse etc.)2. 
erosive contact representing a transition from depositional, to erosive, back to depositional 3. 
at a point in the channel. timescale and volume eroded unknown, but sufficient for sediment 
supply of younger deposit to provide contrast with the older.
Figure 7.15 contact between two poorly sorted units. (lens cap diameter 68mm).
flow direction
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The contact illustrated in figure 7.18 shows a clear recumbent tongue of material as part of a 
moderately undulose contact.
Figure 7.17 detail of contact shown in figure 7.16.  lens cap diameter 68mm.
flow direction
Figure 7.16 Basal ignimbrite contact with small uni-directional deformation against a thin preceding ash fall layer (detail 
in figure 7.17).
indicated horizon
flow direction
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Figure 7.18 contact within an ignimbrite. lens cap diameter 68mm. location 28°09’48”n, 12°26’28”W
flow direction
Figure 7.19 contact showing a massively bedded ignimbrite above a volcanic ash layer, exhibiting complex recumbent 
flame structures at the interface. Hammer shaft is 28cm long. location 6°59’41.30”s , 106°18’26.78”e (clements pers. 
comm.. 2010)
flow direction
171
Figure 7.20 detail of a single recumbent flame. The lower downstream part of the flame appears to demonstrate an earlier 
phase of shear formation, similar to those seen in the laboratory features which often demonstrated multi-stage shearing. 
pen 18 cm long. location 6°59’41.30”s , 106°18’26.78”e (clements pers. comm.. 2010)
flow direction
Figure 7.21 detail of a single recumbent flame demonstrating a secondary shear growth from its downstream tip.  
Additionally, this tip shows slight deflection as it is lifted over the downstream feature, similar to the deflections observed 
in the experiments (e.g. figure 6.21). location 6°59’41.30”s , 106°18’26.78”e (clements pers. comm.. 2010)
flow direction
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7.5.2 Tanjung
There are several compelling examples which are indicative of K-H-like growth in the tanjung 
formation in the Banten province of West Java, indonesia - approximately 10km south east of the 
town of Bayah. These are a sequence of ignimbrite and ash fall layers from an as-yet unidentified 
source.  flow direction of the upper unit in these photos is from left to right.  figure 7.19 shows a 
massive, poorly sorted unwelded ignimbrite with normal grading (fine to medium/fine sand grade 
with rare pebble-sized clasts appearing) running over a planar laminated (in places faintly convolute) 
volcanic ash, up to 1m thick.  The contact between these two units is sharp, but marked by a series of 
wavelet-form flame structures, all of similar wavelength and amplitude (l~ 40 cm, z~ 10 cm).  figures 
7.20 and 7.21 show the detail of two of these features.    
figure 7.22 shows a scatter plot of the wavelength and amplitude dimensions measured for the 
instabilities observed in figure 7.19.  The line drawn through these data is calculated using 
With coefficients of  c0=-1.1154 and c1=0.2256. The correlation coefficient for these data is 0.8953. 
While there is clearly some scatter, it appears that there is at least some correlation between the 
amplitude and wavelength of these features as might be expected.
7.5.3 Rhum
further examples of possibly K-H-like derived recumbent flame structures may be present in a 
pyroclastic succession on the scottish island of rhum.  The palaeogene ignimbrites of the southern 
mountain Zone in the rhum central 
complex were first identified by Holohan 
et al. (2009), having previously been 
described as subterranean explosion and 
intrusion breccias or rhyodacite sheets. 
figure 7.23 shows a single outcrop from 
these deposits, with what appear to be 
small intercalated features, emphasised 
by erosion, which have similar geometry 
to what might be expected of an eroded 
recumbent flame.
7.6 Discussion
7.6.1 Deposition and sorting
The ability of these flume experiments to 
model geophysical processes appears to 
be not only significant, but applicable to 
numerous different systems, which is in 
line with the conclusions drawn from the 
Figure 7.22 scatter plot of the wavelength and amplitude 
dimensions measured for the instabilities observed in figure 7.18
2
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wide variety of previous granular flume experiments (e.g. Hutter and Koch, 1991; gray et al., 1998; 
denlinger and iverson, 2001; choux et al., 2004; felix and Thomas, 2004).  The interrogation of these 
deposits in three dimensions reveals geometries similar to those observed in small volume pyroclastic 
deposits, landslides, and debris avalanches.  The internal structure of the experiments seems to be in 
agreement with the inferred flow mechanics for the propagation of all of these above flows, suggesting 
that not only are the deposits similar, but they are being produced by analogous processes.
When considering larger ignimbrite forming pdcs the situation is a little more complicated.  The 
quasi-steady flow of these events makes directly comparable laboratory modelling challenging. The 
fluidisation necessary to maintain such flows requires increased pore pressure (e.g. druitt et al. 
2007). However the laboratory flumes which generate such conditions require a porous base, and 
this is problematic when it comes to 3d setting and sectioning and interrogation of internal deposit 
architecture.  consequently the small volume, unsteady, dense flows generated in the experiments 
presented herein are unable to reproduce the “runout or overpassing” of substrate observed in large 
volume pdcs.  As a direct result, the deposit architectures preserved in these experiments are not 
Figure 7.23 outcrop and enlargement highlighting a bedform within an ignimbrite unit of the southern mountain Zone 
succession in rhum, scotland. contact demonstrates overturned / intercalated material.  Hammer shaft is 25cm long.  
location: 56° 57’ 30”n 6° 18’ 49”W. reproduced courtesy of e. Holohan. 
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representative of what might be generated by sustained flows.  However, the processes active within 
the laboratory experiments are scaled and representative of the basal granular currents in these larger 
pdcs.  As a result those experiments (that preserve the interaction between subsequent charges) can 
be considered instantaneous windows on the behaviour of the more steady-state contacts present at 
the lower flow boundary zone of sustained pdc currents.  
The granular sorting mechanisms witnessed in the flumes have been shown to generate 
lateral concentrations of large particles  1. 
Basal, proximal and ventral concentrations of dense particles  2. 
distal and surface concentrations of large particles3. 
These three features may be seen as analogous to the typical small-volume  pdc features of
levee formation 1. 
channelisation of lithics and normal graded lithics in pdcs2. 
terminal pumice dams, and pumice overpassing3. 
equivalent features are observed in debris avalanches.
in addition, the granular sorting mechanisms in these granular fluids are likely to be significant in 
controlling what material is deposited from sustained pdcs.  The dense granular fluid at the base of 
these density stratified currents acts as a buffer between direct fallout from the overpassing turbulent 
regime, and the lower aggrading substrate.  Any aggradation happens as a result of settling from the 
granular fluid.  As a result the sorting mechanisms may be expected in sustained basal flow regimes 
to control what particles are able to sediment at any given time.  Buoyant pumice clasts which reach 
the granular fluid early in the flow may easily travel for some considerable time within the granular 
fluid before being settled out or overpass to produce pumice clusters. equally, dense lithic clasts which 
reach the granular fluid may be expected to deposit very rapidly in the basal region of the flow.  
There is a further interesting implication from the flume experiments.  Where an unstable pdc 
deposit retrogressively collapses, a situation is generated where a stratified deposit (with all of the 
particulate sorting that implies) is remobilised or reworked as a debris avalanche.  Assuming there 
has been some time between the original deposition and the reactivation of this material, it can be 
assumed that there will be no significant pore-pressure increase that is usually associated with the 
outgassing of juvenile material.  We can now consider what deposit may be formed by such a flow.  
1. experimental work (chapter 4) confirms that the granular nature of such a debris avalanche will very 
rapidly re-sort the particulates.  The laboratory experiments were able to generate phenomenal sorting 
in under 1.5 seconds of flow and deposition, and similar sorting rates can be expected in a remobilised 
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pdc.  This tells us that whatever stratigraphies are seen in the final deposit, they will almost certainly 
be as a result of the remobilisation/reworking and subsequent flow. it is highly unlikely any signature 
from the original (unstable) deposit might be preserved.  it may then be inferred, in line with torres 
et al. (1996) that secondary pdc deposits are virtually indistinguishable from primary ones.
2. The granular fluid in these experiments produced “stratigraphies” similar to those ascribed to 
pdc deposition from the collapse of an eruptive column (i.e. primary pdc deposit).  This “classic” 
ignimbrite ‘2a, 2b’ stratigraphy comprises (a) a dense lithic rich basal layer, (b) topped by a massive, 
reverse graded unit with pumice clasts becoming dominant in the upper horizons.  if these discrete 
pulses of flow in our experiments are able to reproduce typical ignimbrite stratigraphy by reworking, 
then it follows that where outcrops have been interpreted as primary pdc deposits, there may be 
reworked ignimbrites.  furthermore, when this is taken alongside the observed ability of debris 
avalanche deposits to exhibit internal over-thrusting of flow pulses, and that ignimbrite material 
is generally uniform and difficult to distinguish internal contacts within, there are several possible 
resultant deposit forms (figure 7.24)
(A) illustrates an mlt(nl - ip) (massive lapilli tuff with normal graded lithics and inverse graded pumice)
deposit which is reactivating along a shear plane, which is sampling throughout the thicknes of the 
unit.  This retrogressive failure generates a charge which will be may form a variety of stratigraphies.
(B) shows a single pulse deposit which may be expected from this charge. granular sorting mechanisms 
in the debris avalanche have reproduced the same grading as originally present. note that this is a 
reworked product of a secondary flow, not preserved from the original stratigraphy. 
(c) represents the deposit formed by overthrusting (dashed line) typical in debris avalanche deposits. 
Figure 7.24 illustrations of products from a retrogressive collapse of ignimbrite material. (A) shows a ‘standard’ ignimbrite 
showing inverse graded lithics and normal graded pumices.  dashed line implies a failure slope for retrogressive collapse 
which ‘samples’  the original deposit. This remobilised material goes on to form either (B) single pulse, (c) over-thickened 
deposit formed by compressional shear, or (d) stratified deposit as a result of multople pulses.
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granular sorting and homogeneity of most ignimbrite material makes recognition of this difficult. 
deposit considerably thickened compared to B. 
(d) shows the result of two retrogressive failures of the same original deposit forming sequential 
charges, and resulting in stacked deposits. A single eruptive unit is now represented by two distinct 
stratigraphic, chemically and compositionally identical units.  This form of flow and depositional 
pattern may even generate stratified pdc deposits (figure 7.25).
7.6.2 K-H-like Generation
no definitive evidence for K-H-like growth in field ignimbrite deposits has been identified, although 
a number of quite similar structures are clearly observed at basal contacts.  The likelihood is that 
K-H-like growth in steady-state ignimbrite-forming pdcs results in long-lived instabilities which 
leave only well mixed regions within the deposit.  The basal contacts of these ignimbrites have strong 
enough visual contrast to more easily observe features, and the proliferation of recumbent flames, 
many of which seem to share a unidirectional morphology similar to those seen generated in the 
flume experiments suggests that these are indeed tracers of K-H-like growth.  While it is undoubtedly 
the case that some recumbent flame features in the field are produced by post-depositional loading 
and subsequent shear, the dry, often clast supported (e.g. plinian fall) deposits which pdcs travel 
over are not conducive to such remobilisation.  in conjunction with the observations of remobilised 
pumices being lifted into over-riding flow units (figures 7.12 and 7.13) we have a mechanism to both 
re-mobilise and shear substrate in a syn-depositional process.  
K-H-like mixing within ignimbrite units has a number of significant implications associated with it. 
The ability of K-H-like instabilities to produce well mixed zones, and to lift material from underlying 
substrates into over-riding flows means that care must be taken when collecting data which is reliant 
Figure 7.25 comparative illustrations of massive and stratified pdc deposits.  stratified deposits may contain many 
repetitions of the mlt(nl, ip) -type lithology more typical of primary ignimbrite.  mcphee et al. (1993).
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on point sampling included material.  The obvious examples of this are temperature proxy data 
from included charcoals (e.g. scott et al. 2008), and isotopic dating based on remobilised material. 
charcoal formed within a hot pdc deposit can be analysed for reflectance, which in turn can be 
used to infer temperatures of flows.  However, charcoal reflectance is sensitive to the time for which 
it is exposed to temperature, as well as the maximum temperature to which it is exposed (scott and 
glasspool, 2005).  material which is located in one flow could very easily have been incorporated from 
an older (or, in the case of sampling blow the boundary, younger) unit which may have experienced a 
very different temperature history.  Additionally, with cooling of pdc deposits taking in the region of 
weeks to months it is plausible that later cool flows may interact with the hot substrate flow, causing 
mixing and ultimately bulk cooling.  This could impact the temperature data for any material in the 
lower (or, indeed upper) flow.
furthermore, with broad mixing zones generated it is plausible that contacts between ignimbrite 
units may be obscured.  This in turn will have significant implications for flow volume estimates; any 
unrecognised unit boundaries will result in multiple units being identified as single units.  As a result, 
overestimation of flow (and hence eruption) volumes is likely. This in turn has implications for the 
geohazard modelling of flow paths in situations where mixing has confused unit identification.  if a 
model has been made to fit an existing deposit, the reliability is dependant on correct mapping of that 
deposit.  in cases where the deposit has been misinterpreted due to complications such as this, then 
any modelling based on the error is potentially seriously flawed.  This is particularly important with 
consideration of the fact the K-H-like structures in experiments (and therefore inferred mixing zones 
within pdcs) most frequently occurred where flows run up onto a slope.  The ability of pdc to flow 
up and over topographic features is a major hazard to communities on the flanks of active volcanoes, 
and modelling based on misinterpretation in these areas is particularly dangerous.
7.7 Conclusions
The flume experiments reproduce both particulate sorting features and geometries observed in field 
deposits of large and small volume pdcs and debris avalanches.  lateral and distal concentrations 
of large particles dues to Bne sorting are ubiquitous, as are ventral proximal concentrations of 
both large and small dense (ceramic) particles through density sorting (rBne).  The depositional 
system observed in the flume  reproduces the dominant system inferred for debris avalanches, and in 
turn reproduces surface pressure ridges, while also providing an insight into the mechanism of their 
formation - i.e. internal thrust pulses as the deposit forms.
comparison to ignimbrites is more problematic, as the continuous aggradation believed to form them 
is not directly similar to the depositional system in the flume.  However, the sorting mechanisms in 
the flume are typical of any granular fluid, and therefore represent the same processes that might be 
expected at the base of a pdc dominated by granular fluids (e.g. the c, e, f and g members in the 
pdc spectrum described by figure 1.2).  
formation of K-H-like instabilities in the field cannot, at this point, be proven.  However, there are 
many possible demonstrations of partial instability growth represented by sheared flame structures 
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at lower contacts.  These lower contacts are a key target for observation as there is sufficient colour 
contrast between the layers for these features to be observed.  structures within ignimbrite units 
would be masked by homogeneity of material and appearance.  K-H-like growth in a sustained 
current (which does not vertically migrate rapidly) might be expected to result in a mixed zone, not 
the discrete identifiable structures typified by those formed by the unsteady currents in the flume 
experiments.
it is apparent that the sorting mechanisms demonstrated are capable of producing complex stratigraphies 
when multiple charges of material are sequentially deposited.  The potential for retrogressive collapse 
of loose ignimbrite to form pulses of cold debris-flow may easily produce stratigraphies which could 
be mis-identified as primary pdc deposit.  This issue has been recognised in the field by torres et al. 
(1996) in the study of ignimbrites from the 1991 pinatubo eruption.  
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CHAPTER 8: SYNTHESIS
8.1 Summary
A series of innovative analogue experiments have been designed, tested, modified and applied in 
order to provide baseline data for the investigation of granular flow sorting and deposition as an 
analogue for pdcs and other geophysical flows.  These experiments may also inform future advanced 
numerical modelling, with the intention of being able to accommodate
multi-layer flows• 
complex terrain• 
inter-layer sedimentation• 
erosion, remobilisation and deposition of substrate materials• 
particulate size and density sorting• 
interrogation of internal geometries for validation against field examples• 
in order to achieve this, the models developed in this work have attempted to tightly constrain key 
parameters such as particle densities, shape, roundness, size, flume geometries and charge volumes. 
The main variables investigated were:
flume geometry• 
flow velocities• 
initiation features• 
depositional mechanisms• 
particle sorting processes and rates (size, density)• 
sequential charge interactions• 
sidewall friction effects• 
simultaneously, these experiments have been used to develop a procedure for the setting, sectioning and 
3d interpretation of flume deposits.  modification of approaches used in tectonic sandbox modelling 
have enabled observation of internal features which have previously not been investigated, most 
notably the occurrence of shear reworking features (K-H instabilities) in granular flows interacting 
with static granular substrates.
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As well as providing a purely academic baseline suite for future numerical modelling, the experiments 
provide a useful dataset in the further study of granular fluids, and the ongoing challenges in 
developing a better understanding of their governing equations.  in addition to this, the experiments 
have been scaled to ensure some degree of geophysical relevance, and have been shown to reproduce 
geological/natural features typical of rock and snow avalanches, and landslides and small volume 
pdcs including block and ash flows and proximal ignimbrites.  furthermore, during flow over loose 
granular substrates, the instantaneous conditions at the shearing contact between the two layers can 
be considered similar to those experienced at the lower flow boundary zone of large sustained pdcs, 
and hence the processes active at that boundary may be seen as comparable.
8.1.1 Modelling and reproduction of typical PDC structures
A wide range of experiments have been conducted in this work, and a number of different features 
have been developed.  granular particulate sorting consistent with the understood processes of Brazil 
nut effect (i.e. Bne) and rBne (i.e. reverse Bne) generates vertical sorting typified by ignimbrite 
‘2a, 2b’ stratigraphy, but also observed in other geophysical flows.  in addition, sidewall interaction 
encourages the lateral expression of these sorting mechanisms, creating features such as levees.
By running multiple charges, or single charges onto loose substrate packs the experiments allow 
for the investigation of erosive contacts, the formation of shear instabilities (K-H eddies), and the 
associated formation of what appear to be recumbent flame structures. shear instability growth 
therefore provides a syn-depositional mechanism for recumbent flame formation.  The growth of full 
K-H instabilities is likely to result in broad mixing zones within, and at the contacts of ignimbrites. 
These zones have significant potential to interfere with geological techniques such as isotopic dating 
and temperature proxy analysis using included clasts, as well as the ability to accurately estimate 
eruption and flow volumes.
The various sorting and deposition mechanisms observed in these flume experiments, as an analogue 
for cold dry pyroclastic material suggest that retrogressive failure of an existing ignimbrite deposit can 
generate secondary ignimbrite architectures which are structurally and chemically indistinguishable 
from the original deposit.  Additionally, stratigraphically complex relationships can be generated 
by relatively simple flow systems, simply through channelisation, erosion, and re-deposition of 
material.
8.1.2 Implications for the study of grainflow
The experiments in this work are valuable purely for the insight the grant on the internal mechanisms at 
work in granular flows, and in the interaction between charges.  K-H instabilities have been recognised 
in granular fluids only relatively recently (goldfarb et al. 2000), and never before at a contact with 
a static substrate with the associated low granular temperature and dilation.  The ubiquitous growth 
of these features in these flume experiments suggests K-H instabilities are common in these systems, 
but only identified in these experiments due to the novel colouring, setting and sectioning technique 
which has been employed.
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A more subtle implication of this work is that sidewall interaction is perhaps more significant than 
is sometimes assumed.  While monomict charges appear to be moving relatively isotropically across 
the flume, addition of polymict charges emphasis a significant lateral component of motion.  This 
is further suggested by the multiple charge experiments, where the depositional and reworking 
mechanisms at the edges and centreline of the flume were vastly different. However it must be noted 
that these multi charge experiments are subject to current deflection by substrate topography.  even 
ignoring these multi-charge experiments, it must be concluded that either a) the sidewall observation 
of flume experiments cannot be taken as being representative of behaviour anywhere else in the flume 
or b) polymict charges amplify sidewall effects.  if a) is true, then the implications are important for a 
vast array of work which has assumed sidewall observation is at least partially valid.  if b) is true, then 
there is an intriguing set of experiments to be conducted to quantify and analyse this effect.
8.2 Future work
There are numerous opportunities and directions for future work based on these experiments and field 
observations, broadly grouped into three categories; developing the laboratory technique, developing 
the flume experiments, applying the laboratory work to numerical simulation and further field 
investigation.
8.2.1 Laboratory technique
The technique developed in this work has demonstrated excellent potential for revealing detailed 
internal structure of granular deposits.  A significant restriction experienced in this work was the slice 
thickness, making high-quality 3d visualisation difficult, and reliant on interpolation over quite large 
areas.  This does not appear to be an issue for the central region of the flume, but the flume edges are 
strongly effected by sidewall friction, and it is difficult to be sure that interpretations of the charge 
interactions within 20mm of the flume walls are accurate in three dimensions.
more time experimenting with the setting and sectioning method, as well as experimentation with 
different packing procedures and materials should allow slice thicknesses to be reduced significantly. 
Alternatively, rather than the non-destructive method used in these experiments, a destructive method 
could be applied with all imaging done in the lab.  This would allow slice thicknesses to come down 
to ~1mm.
in order to better visualise the particle motions during initiation, flow and deposition (and hence 
better observe features such as failure planes, flow pulses, and over-thrusting depositional regions) 
these flumes are ideally scaled to employ techniques such as magnetic resonance imaging (mri) to 
track instantaneous particle positions during flow (e.g. Kleinhans et al. 2008).  use of mri would 
permit a detailed understanding of deposit accretion, and removes the reliance on sidewall observation. 
This is important because these experiments have shown this factor to be severely limited by frictional 
interaction, lateral sorting mechanisms, and current deflection by substrate during flow.
following on from the use of mri, and the possibility for finer sequential slicing of set deposits, 
there is significant room for improvement in the 3d visualisation of these flume deposits.  finer serial 
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sectioning would allow the employment of imaging techniques developed by the medical imaging 
community for 3d visualisation of volumes.  By treating experimental deposit slices in the same way 
as serial sections developed from, for example, medical mri scanners, true 3d visualisation of deposit 
geometries would be possible.  While this was attempted on the current dataset, the serial slice spacing 
was too great to gain any meaningful information.  By reducing slice spacing to ~2mm a significant 
step forward might be made in interpreting the complex interactions evident at the proximal regions 
in the multiple charge experiments.
8.2.2 Developing the flume experiments
time has been the only constraint on the point at which experiments for this work were stopped. 
There are a wide range of alterations, additions and variables that could be considered in the further 
development of these experiments, not least due to the wide variety of factors which influence pdc 
formation, propagation and deposition.  in terms of providing further data for the construction of a 
4d numerical model able to reproduce internal deposit geometries, the priorities may be summarised 
as follows.
Pore pressure
in terms of modelling long runout pdc, by far the most significant improvement would be the 
addition of apparatus to investigate pore pressure effects, and encourage the fluidisation of the charges. 
By inflating the charge prior to release, then at least some degree of account is made for the constantly 
exsolving high pore pressure system present in pdc with a high proportion of hot juvenile fragments 
which in the case of block and ash flows,  fragment and release volatiles.  one issue with this system 
is the high porosity of spherical bead packs, resulting in the necessity to reduce the particle sizes used 
in the experiments.  This adds an additional complication of bringing powder physics into play, with 
vastly enhanced values for particulate cohesion.  
Sidewalls
modification of the flume to remove the sidewalls.  We may then be able to investigate the true extent 
of polymict charges to recreate the sorting and deposits typical of debris flows etc. most importantly, 
we could investigate features such as pressure ridges, lobate fronts, and levees.  This would be the 
first stage before developing to more complex flume geometries with pre-formed channels and 
topographic features for flows to interact with, enabling true scaled analogue modelling of geophysical 
landforms.
Particle sorting
use of more varied charge mixtures, with various sizes of each of the pumice and lithic analogue 
particles would give a greater understanding of the various sorting effects during flow.  other variables 
such as particle roundness might be investigated, as shape is known to be at least a second order 
sorting mechanism in granular fluids (e.g. Whiteman and ridgway, 1988).
Release mechanism
individual charges are a very simple method of investigating pulses in flow, but a better system would 
be to implement a variable hopper release which can feed a continuous flow stream into the flume. 
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The ability to simultaneously change the flow composition would be highly informative and, in 
conjunction with increased pore pressure fluidisation, allow the experiment to attempt to reproduce 
ignimbrite stratigraphies in full.
Substrate layering
The technique for laying substrate into the flume prior to a charge is a difficult technique, and a 
mechanised system for laying even layers would greatly enhance the quality of results looking at 
reworking of substrate.  more complex geometries could be laid, investigating the tendency for 
topographic features to deflect currents across the flume.
8.2.3 Application to numerical modelling
ultimately the objective of these analogue experiments was to provide a baseline of data  against 
which numerical model could be gauged.  The basis for such a model would likely be a multi-layer 
depth-averaged flow, able to model a turbulent suspension layer riding above a granular fluid, which 
itself rides above a loose substrate layer.  This is not dissimilar to earlier work larrieu et al. (2006) 
which looked at a ‘raining’ mass source supplying a thin flowing layer, and the later work by doyle 
et al. (2007, 2008) which developed this system, with a basal granular avalanche of constant density 
being over-ridden and supplied by a sedimenting dilute current.
sedimentation (and remobilisation) from one layer to another would provide a dynamic system, and 
by utilising multiple layers the worst of the density stratification problems are eliminated.  By allowing 
material to move between layers in both directions, a far better understanding of how momentum 
changes in the course of flow impact sedimentation (and erosion).  Additionally, by allowing for 
granular sorting mechanisms to be included, sedimentation can be judged not only by deposit extent 
and thickness but, vitally, internal geometry.  This would result in a  sedimentological verification 
of the model, similar to that possible in other fields, for example turbidity current modelling (e.g. 
Waltham et al. 2008).
8.2.4 Field Investigation
The experiments have clearly demonstrated the ability of granular charges to remobilise granular 
substrates and to generate K-H instabilities.  in the field, observations were focussed on the extensive 
outcrops of the Bandas del sur ignimbrite sequences in tenerife.  However, it is apparent that the 
flume experiments which generated these features are also closely analogous to debris flow deposits. 
Therefore it would be logical to conduct a field campaign investigating the interaction at the base of 
debris flow deposits.  A particularly promising target might be the distal end of channelised debris 
flows, where multiple flow pulses often emerge as sequences of depositional lobes (see figure 7.3).  
An intriguing avenue of study would be to assess the extent to which recumbent flames are due 
to syn-depositional shear processes rather than post-depositional soft sediment deformation, and 
the occurrence of K-H instabilities in other sedimentary systems. There are numerous subaqueous 
flows which might be considered capable of generating the shear profiles over soft sediment necessary 
for K-H instabilities to grow.  modelling of these systems would provide some insight, while field 
observations may permit a classification of interface features between those which are clearly loading 
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related (symmetrical, or assymetrical shearing away from the local palaeocurrent direction), clearly 
shear instability related (assymmetrical, sheared towards the downstream direction, with a rotational 
component) and those which are not easily categorised into either category (assymetrical, unknown 
or downstream shear, no rotational component).
8.3 Summary of conclusions
flume experiments, modelling and field validation demonstrated that:
sidewall friction is significant and even narrow flumes demonstrate significant 3d structure 1. 
during flow, and hence deposition.
flume designs with sharp breaks in slope trigger rapid transition from non-depositional flow 2. 
to deposition in a system analogous to a hydraulic jump.
failure of static piles appears to propagate through shear-collapse associated with stress chains 3. 
in the randomly packed pile, and is therefore not perfectly repeatable.  This, however, remains 
a second-order effect on final geometry. 
shears formed during intiation appear to be related to pulses within the flow and therefore 4. 
influence deposition
increased basal friction amplifies the separation effects on the runout, and therefore amplifies 5. 
the variations resulting from random packing in the original pile.
drop chute release generates structurally similar deposits to pile collapse, and introduces an 6. 
extra level of complexity in evaluating the development of stratification in charges.
charge deposition resembles aspects of both plug-like (sparks, 1976) and aggradational 7. 
(Branney and Kokelaar, 1992) behaviour, strongly analogous to the transport model proposed 
by schwarzkopf et al. (2005) for merapi block-and-ash flows.  This is also functionally similar 
to that inferred for debris flows, including rock and snow avalanches and landslides.
The setting and sectioning method is practical, and highly capable of producing meaningful 8. 
and valuable data on the internal geometry of flume deposits.
The repeatability of the flume experiments is excellent, subject to careful set up, and allowing 9. 
for the flow-pulse variation which is produced by random packing in the collapsing charge 
pile.  These variations due to random packing vary the precise thickness of internal thrust 
stacks (and their second-order surface expression), but not the first-order final geometry.
granular sorting mechanisms within the flume are in line with those represented in the 10. 
literature (e.g.  Vallance and savage, 2000; iverson and Vallance, 2001). However, the 
behaviour of the current within the flumes has significant impact on the emergence and 
expression of the sorting phenomenon within the final deposit.
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2d Vertical sorting mechanisms such as Bne and rBne are able to produce typical 3d 11. 
small-volume pdc, rock and snow avalanche, and landslide features such as levees of large 
particles, distal concentration of large particles, surface concentration of large particles, and 
axial proximal concentration of dense particles.
retrogressive failure of an existing ignimbrite deposit can generate secondary ignimbrite 12. 
architectures/stratigraphies which are structurally and chemically indistinguishable from 
the primary ignimbrite deposit produced by the collapse of low or high fountains/eruptive 
columns.
Thin shearing granular flows are capable of remobilising large quantities of loose substrate 13. 
material through granular temperature conduction (i.e. momentum transfer between mobile 
and stationary particles).
The velocity and density profiles through a shearing flow and remobilising substrate which 14. 
develop as a product of granular temperature conduction encourage the development of 
K-H-like instabilities.
The occurrence of K-H instabilities appears to be ubiquitous in these experiments, and may 15. 
be expected to be an important and largely unrecognised feature in multi-charge granular 
systems.
The propagation of K-H-like instability features through continued flow may displace 16. 
remobilised substrate significant distances
steady currents with continued sediment supply may be expected to propagate K-H 17. 
instabilities for significant distances. it is likely that continued growth, rotation and 
downstream propagation of these features would be represented stratigraphically by a very 
well mixed region at the scale of the instability amplitude.
flows with increasing mass (and therefore momentum) flux may be expected to cause 18. 
substrate erosion in one place, with re-deposition occurring only further downstream where 
the flow dynamics change such that settling can occur.
mixing caused by K-H-like instabilities may move particles from substrate material into 19. 
active flow, which subsequently would provide anomalous data for
temperature proxy data from included charcoalsa. 
dating from included crystalsb. 
mixing caused by K-H instabilities may mask unit boundaries, impacting the reliability of 20. 
eruption, flow and deposit volume estimates, as well as flow propagation extents.
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APPENDIX A - SYMBOLS AND ABBREVIATIONS
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0BList of Symbols 
1B2BSymbol Description   
β  shear rate
γ  strain rate 
δ  particle diameter    
ε  interstitial fluid volume fraction
ζ  amplitude
θ  angle
θb  basal friction angle
θr  runout surface angle
κ  permeability
λ  wavelength
μ  viscosity
π  pi
ρ  density
ρb  bulk density
ρf  interstitial fluid density
ρs  solid particle density
σ  normal stress
τ  shear stress
φ  solid volume fraction 
φ*  solid volume fraction at maximum packing
ψ  cohesion
ϕ  internal friction angle
d   flow thickness
g  gravitational aceleration (9.81 ms-2 at sea level)
H  height
Ig  instability growth condition
k  wavenumber
L  length
l  runout
M  mass
R  roundness
v  velocity
w  flow width
x  horizontal (longitudinal) dimension
y  horizontal (lateral) dimension
z  vertical dimension
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Abbreviations
Amsl  Above mean sea level
BAf  Block and ash flow
Bne  Brazil nut effect
K-H  Kelvin Helmholtz
mri  magnetic resonance imaging
nB  Bagnold number
nf  fluidisation number
np  pore pressure number
nr  Quasi-reynolds number
ns  savage number
pdc  pyroclastic density current
rBne  reverse brazil nut effect
rcp  random close packing
rlp  random loose packing
srtm  shuttle radar topography mission
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Figure B.1 dimensionless analysis of Π1 parameters
202
Figure B.2 dimensionless analysis of Π2 parameters
203
Figure B.3 dimensionless analysis of Π3 parameters
204
Figure B.4 dimensionless analysis of Π4 parameters
205
Figure B.5 dimensionless analysis of Π5 parameters
206
Figure B.6 dimensionless analysis of Π6 parameters
207
Figure B.7 dimensionless analysis of Π7 parameters
208
Figure B.8 dimensionless analysis of Π8 parameters
209
Figure B.9 dimensionless analysis of Π9 parameters
210
Figure B.10 dimensionless analysis of Π10 parameters.
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tABle c.1 eXperimentAl mAteriAl properties
Material ID
Specific 
Density         
(g cm-3)
Bulk density 
(g cm-3) Diameter (mm) Colour Material Finish
ZY 9611 6.00 3.72 1.00-1.20 White Ceramic Matt
ZY 96025 6.00 3.85 0.20-0.30 White Ceramic Matt
  
4504/007LS 2.50 1.47 1.00-1.20 Black Coated glass Metallic
45015/341LS 2.50 1.50 0.40-0.60 Green Coated glass Metallic
45015/021LS 2.50 1.50 0.40-0.60 Orange Coated glass Metallic
5216/52LS 2.50 1.51 0.20-0.30 Red Coated glass Metallic
5216/288LS 2.50 1.51 0.20-0.30 Blue Coated glass Metallic
5216/110LS 2.50 1.51 0.20-0.30 Yellow Coated glass Metallic
  
5216/007-L 2.50 1.51 0.20-0.30 Black Coated glass Matt
5216/187-L 2.50 1.51 0.20-0.30 Red Coated glass Matt
5216/264-L 2.50 1.51 0.20-0.30 Lilac Coated glass Matt
5216/288-L 2.50 1.51 0.20-0.30 Blue Coated glass Matt
5216/111-L 2.50 1.51 0.20-0.30 Yellow Coated glass Matt
5216/291-L 2.50 1.51 0.20-0.30 Pale grey Coated glass Matt
5216/341-L 2.50 1.51 0.20-0.30 Green Coated glass Matt
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tABle c.2 Video footAge run list
No Base
Tilt 
(°) Material Release type
Charge 
volume 
(ml)
Release 
frame
Front 
stop 
frame FPS
Calculated 
run time (s)
Runout 
mm
Field of 
View
1a Perspex 0 LA60 Sand Lock gate 250 1 23 25 0.88 248 wide
1b Perspex 0 LA60 Sand Lock gate 250 35 25 slope
1c Perspex 0 LA60 Sand Lock gate 250 25
break in 
slope
1d Perspex 0 LA60 Sand Lock gate 250 25
break in 
slope
1e Perspex 0 LA60 Sand Lock gate 250 25 250 runout
1f Perspex 0 LA60 Sand Lock gate 250 154 176 25 0.88 245 wide
1g Perspex 0 LA60 Sand Lock gate 250 192 214 25 0.88 249 wide
2a Perspex 0 LA60 Sand Lock gate 500 231 253 25 0.88 258 wide
3a Perspex 0 LA60 Sand Lock gate 250 1 23 25 0.88 243 wide
4a Perspex 0 LA60 Sand Lock gate 250 2 25 release
4b Perspex 0 LA60 Sand Lock gate 250 19 25 release
4c Perspex 0 LA60 Sand Lock gate 250 38 25 release
4d Perspex 0 LA60 Sand Lock gate 250 57 25 release
4e Perspex 0 LA60 Sand Lock gate 250 74 25 release
5a Perspex 0 LA60 Sand Lock gate 250 2 77 85 0.882353 245 wide
5b Perspex 0 LA60 Sand Lock gate 250 3 81 85 0.917647 252 wide
5c Perspex 0 LA60 Sand Lock gate 250 6 82 85 0.894118 250 wide
5d Perspex 0 LA60 Sand Lock gate 500 3 78 85 0.882353 254 wide
5e Perspex 0 LA60 Sand Lock gate 500 7 84 85 0.905882 261 wide
5f Perspex -5 LA60 Sand Lock gate 500 4 79 85 0.882353 203 wide
5g Perspex -5 LA60 Sand Lock gate 250 8 87 85 0.929412 211 wide
5h Perspex 0 LA60 Sand Lock gate 500 3 85 wide
5i Sandpaper -5 LA60 Sand Lock gate 500 6 83 85 0.905882 24 wide
5j Sandpaper 0 LA60 Sand Lock gate 500 2 70 85 0.8 172 wide
5k Sandpaper -5 LA60 Sand Lock gate 500 4 85 wide
5l Sandpaper 0 LA60 Sand Lock gate 500 5 85 wide
5m Sandpaper -5 LA60 Sand Lock gate 500 5 80 85 0.882353 22 wide
5n Sandpaper 5 LA60 Sand Lock gate 500 9 83 85 0.870588 336 wide
5o Sandpaper 0 LA60 Sand Lock gate 250 4 76 85 0.847059 171 wide
6a Sandpaper 0 LA60 Sand Drop Chute 250 10 27 25 0.68 220 wide
7a Sandpaper 0 LA60 Sand Drop Chute 500 5 72 85 0.788235 225 wide
7b Sandpaper 0 LA60 Sand Drop Chute 85 slope
7c Sandpaper 0 LA60 Sand Drop Chute 85 slope
7d Sandpaper 0 LA60 Sand Drop Chute 85 slope
7e Sandpaper 0 LA60 Sand Drop Chute 250 1052 1110 85 0.682353 189 wide
7f Sandpaper 0 LA60 Sand Drop Chute 500 1374 1431 85 0.670588 218 wide
7g Sandpaper 0 LA60 Sand Drop Chute 1653 85 wide
7h Sandpaper 0 LA60 Sand Drop Chute 250 1970 2037 85 0.788235 230 wide
7i Sandpaper 0 LA60 Sand Drop Chute 500 85 slope
7j Sandpaper 0
LA60 Sand + 
vermiculite Drop Chute 85 Top
7k Sandpaper 0
LA60 Sand + 
vermiculite Drop Chute 250 2571 2624 85 0.623529 244 wide
8a Sandpaper
45015/341LS 
+ ZY9611 + 
4504/007LS Lock gate 200 4 18 25 0.56 143 wide
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PRNg6-01  PRNg6-03L  
    
Mass Volume Mass      
102.40 81 PRNg6-01 1.264197531  Phonolite density: 2.56g/cm3   
93.26 63 PRNg6-01 1.48031746     
45.24 45 PRNg6-01 1.005333333  Vesicularity  Mass Volume
32.94 32 PRNg6-01 1.029375   0 2.56 620 242.1875
28.94 28 PRNg6-01 1.033571429  20 2.048 500 244.140625
16.10 24 PRNg6-01 0.670833333  40 1.536 375 244.140625
280.43 193 PRNg6-01 1.453005181  60 1.024 250 244.140625
139.00 92 PRNg6-01 1.510869565  80 0.512 125 244.140625
94.23 102 PRNg6-01 0.923823529     
287.33 117 PRNg6-01 2.455811966     
15.27 6 PRNg6-01 2.545     
115.00 80 PRNg6-01 1.4375   PRNg6-01 PRNg6-05 PRNg6-06
      Bin Frequency Frequency Frequency
365.00 175 PRNg6-06 2.085714286  0.1 0 0 0
615.00 248 PRNg6-06 2.47983871  0.2 0 0 0
112.17 95 PRNg6-06 1.180736842  0.3 0 0 0
50.08 34 PRNg6-06 1.472941176  0.4 0 0 0
27.63 19 PRNg6-06 1.454210526  0.5 0 0 0
4.81 4 PRNg6-06 1.2025   0.6 0 1 0
4.76 3.5 PRNg6-06 1.36   0.7 1 0 0
5.80 3 PRNg6-06 1.933333333  0.8 0 3 2
3.23 2.5 PRNg6-06 1.292   0.9 0 2 0
130.00 88 PRNg6-06 1.477272727  1 1 2 1
50.00 68 PRNg6-06 0.735294118  1.1 3 2 1
120.00 150 PRNg6-06 0.8   1.2 0 0 1
325.00 160 PRNg6-06 2.03125   1.3 0 1 2
95.00 96 PRNg6-06 0.989583333  1.4 0 0 1
56.00 55 PRNg6-06 1.018181818  1.5 3 1 3
220.00 126 PRNg6-06 1.746031746  1.6 1 1 0
      1.7 0 1 0
136.23 112 PRNg6-05 1.216339286  1.8 0 0 1
101.47 72 PRNg6-05 1.409305556  1.9 0 0 0
61.37 40 PRNg6-05 1.53425   2 0 0 1
69.65 42 PRNg6-05 1.658333333  2.1 0 0 2
22.07 30 PRNg6-05 0.735666667  2.2 0 1 0
18.09 20 PRNg6-05 0.9045   2.3 0 0 0
17.94 20 PRNg6-05 0.897   2.4 0 0 0
47.15 46 PRNg6-05 1.025   2.5 1 0 1
9.86 13 PRNg6-05 0.758461538  2.6 1 0 0
9.20 12 PRNg6-05 0.766666667  2.7 0 0 0
10.50 11 PRNg6-05 0.954545455  2.8 0 0 0
14.65 18 PRNg6-05 0.813888889  2.9 0 0 0
8.27 14 PRNg6-05 0.590714286  3 0 0 0
52.52 48 PRNg6-05 1.094166667  >3 0 0 0
453.00 208 PRNg6-06 2.177884615     
tABle d.1 ngAuruHoe sAmple density AnAlysis
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